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ABSTRACT
The diverse human microbial ecosystem colonizes many different body sites. The
gastrointestinal (GI) tract, especially, is a major region that that harbors a complex
microbial community composed of trillions of commensal bacteria. Interactions between
the commensal bacteria and the host immune system begin at birth and continue through
the human lifespan. In the gut, commensal bacteria help the host to ensure the
maintenance of intestinal homeostasis as well as the mucosal barrier structure through
host stimulation of mucus and antimicrobial molecules. The secretion of these host
factors functions to inhibit pathogenic invasion and maintain the population of
commensal bacteria. The microbial communities also secrete their own metabolites to
regulate host metabolism as well as host immunity. Together, this complex crosstalk
allows a series of host-microbe interactions and host responses that are necessary to
manipulate the host immunity, maintenanmucosal homeostasis and regulate the
composition of the microbiota.
In the gastrointestinal tract, the major immune cells that actively participate in the
host defense mechanism are resident intestinal macrophages. These cells are primarily
responsible for the first-line host defense that protects the host from an enormous number
of potentially pathogenic bacteria and/or antigenic stimuli that are present in the intestinal
lumen. Normally, during steady state, these cells are very anergic and tolerant towards
the commensal bacteria. Yet, they still retain their phagocytic and bactericidal activity.
xiii

Although the mechanisms surrounding the anergy of the intestinal macrophages are not
well understood, the abundance of commensal bacteria present in the gut lumen may
suggest that the possible function of commensal bacteria is to influence the activity of gut
macrophages.
Little is known about the commensal bacteria’s ability to exert their function on
the host intestinal macrophages through the production of commensal metabolites. It is
well understood that commensal bacteria can secrete metabolites to regulate host
metabolism as well as influence host immunity. We believe that the commensal bacteria
might regulate intestinal macrophages in the same manner. In this study, we sought to
understand the involvement of the secreted commensal bacterial factors/metabolites in
response to the anergic function of intestinal macrophages. We hypothesized that the
secreted bacteria factors/metabolites present in the bacterial supernatant can suppress
macrophage activation upon the induction of TLR or NLRP3 agonists on macrophages.
To test our hypothesis, we will use four different strains of commensal bacteria
that are normally present in the gastrointestinal tract. Those are Lactobacillus delbrueckii,
Lactobacillus fermentum, Lactobacillus rhamnosus, and Streptococcus oralis. We will

determine whether the secreted bacterial factors present in the commensal culture
supernatants can actually suppress the activation of macrophages in the presence of LPS
or MSU crystal stimuli in vitro. Furthermore, we will also test whether the bacterial
factors present in the bacterial supernatant can suppress the recruitment of neutrophil in
the peritoneal cavity in the presence of LPS stimulation in vivo. If the secreted
commensal factors/metabolites can suppress the activation of macrophage or the
recruitment of netrophils upon the induction of TLR or NLRP3 agonists on macrophages,
xiv

we will then seek to determine whether the secreted commensal factors can suppress
macrophages activation in the transwell system, a system that mimics the gastrointestinal
tract consisting of both epithelial cells and macrophages. By taking advantage of the
transwell system, we will determine whether the secreted bacterial factors in the
commensal supernatants can actually suppress macrophage activation during the
induction of TLR or NLRP3 agonists on macrophages in the presence of epithelial layers.
Together, these studies provide insights into how commensal bacteria can regulate
macrophage responses in the gastrointestinal system.
We discovered that the secreted commensal factors, which have molecular
weights of less than 10Kda, can suppress macrophage activation as well as neutrophil
recruiment in both in vivo and in vitro as well as in the transwell system upon MSU
crystal or LPS crystal stimuli. In contrast, the secreted factors present in the commensal
supernatants which have molecular weight greater than 10KDa act as a stimulatory
mediator and promote the activation of macrophages in TLR-2 dependent manner.
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CHAPTER ONE
INTRODUCTION
I. ROLE OF COMMENSAL BACTERIA IN THE HOST IMMUNE SYSTEM.
Commensal bacteria are present in humans in massive numbers, and they colonize
many different locations in the host. In humans, the commensals can be found easily on
the human skin, the oral cavity, the respiratory tract, as well as the urogenital and
gastrointestinal (GI) tract. The GI tract, especially, is a major region that houses a
complex network of microbial communities [1,2,6]. The human GI tract has unique
structures and functions that allow for multiple interactions between epithelial cells and
other immune cells to recognize the external environment stimuli, including nutrients,
pathogens and commensal bacteria [4]. Normally, in a healthy state of the GI tract, the
host is immune-tolerant toward the commensal bacteria, in exchange for such a
protection provided by microbial communities. Such protection provides a wide range of
health aspects relating to host immune function, host metabolism, the process of food
digestion, extraction as well as synthesis of nutrients, and lastly the protection against
pathogenic infections [4]. However, in the presence of external factors that may disturb
the microbial communities, the host immuno-tolerance toward the commensals may be
altered. For example, the ability of the commensals to colonize in the host GI tract
system may be reduced by antibiotic use or an altered diet. As a result, this may alter the
1

2
antimicrobial resistance in the host GI tract system and allow for pathogenic infection to
happen [37-47]. This suggests that there is a relationship between commensals and
chronic GI diseases in the host, such as irritable bowel syndrome (IBS), ulcerative colitis,
and Crohn's disease [37-47,242]. Thus, it is important to understand how commensals
impact the host GI tract immune system.This may provide a potential therapeutic to treat
chronic GI diseases in humans by manipulating the functions of microbial communities
in the host system.
Such complex interactions between commensals and host immunity start at birth
[7]. For instance, the commensals shape the development of host immunity as the host
immunity, in turn, shapes the composition of the commensal communities. This
communication between host immune responses and commensals requires multiple
signaling pathways from many different microbial products together with host sensors
that regulate the development and function of many host immune cells in both innate and
adaptive immunities.
1.1 Host sensing of microbes by Toll-like receptors.
The GI tract is the largest defense barrier in the host immune system. There are at
least 60% of the host’s immune cells within the GI tract that are ready to recognize and
defend from potential pathogenic infections and prevent uncontrolled inflammation
within host GI mucosal region [48, 49]. Notably, the GI tract is also home to a vast array
of microbial communities including commensal bacteria, yeasts, and lastly
bacteriophages [50]. With abundant commensal species together with potential
pathogenic threats present in the GI tract, it is important for the host immunity to survey
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and monitor carefully so that the host immunity can distinguish commensal species from
pathogenic potentials to prevent pathogenic infection. The host immune system must
balance detection and elimintation of pathogens with tolerance towards commensal
communities residing in the GI tract.
In the host immune system, a large family of pattern recognition receptors (PPRs)
are responsible for host recognition and initiating the innate immune responses upon their
interaction with pathogen-associated molecular patterns (PAMPs) present on microbial
pathogens. Also, they interact with the damage-associated molecular patterns (DAMPs)
present on host cell components released during cellular stress. In humans, both immune
and non-immune cells can express PRRs. However, these PRRs are mainly found in
antigen-presenting cells, such as macrophages, or dendritic cells. There are four main
classes of PRRs that are recognized including the Toll-like receptor (TLRs), NOD-like
receptor (NLRs), RIG-like receptor (RLR), and C-type lectin receptor (CLR).
A. Toll-like receptors. Among PRRs, Toll-like receptors (TLRs) are major ones
that can elicit the innate immune response. TLRs can be found in many innate immune
and non-immune cells. However, these receptors are mainly found in innate immune
cells, such as macrophages and dendritic cells. Interestingly, the activation of TLRs
requires their engagement with a defined set of conserved molecular motifs present on
microbes [51] that leads to several intracellular signaling cascades mediated by Myd88
adaptors [53] or Trif domains [54] to produce cytokines, chemokines, and transcription
factors. In turn, these molecules have a function to maintain gut homeostasis and to
prevent pathogenic infections [52]. Among these TLRs, TLR-2 and TLR-4 are two types
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of receptors that can be found on the surface of innate cells. Here, they recognize
products secreted from Gram (+) and Gram (-) bacterial cell walls, respectively [55-57].
Under the homeostatic condition, TLR-2s and TLR-4s normally have low expressions in
intestinal epithelial cells (IECs), and they do not respond to TLR stimuli [59-61].
However, when host immunity experiences chronic inflammation or pathogenic
infection, both TLR-2s and -4s are increased on IECs and trigger an intracellular
signaling cascade that promotes a pro-inflammatory state [62-66].
TLR-2s frequently involve the recognition of Gram (-) and Gram (+) bacteria
along with fungal wall components [56-57, 67-68]. Also, TLR-2s play an important role
in oral tolerance as well as gastrointestinal inflammation during pathogenic infection, and
these receptors have an ability to elicit both pro- and anti-inflammatory reactions by their
dimerization with other TLRs such as TLR-2 itself or with TLR-1, TLR-6, and TLR-10
[69].
Oral tolerance is defined as a state of host immunity being unresponsive upon oral
antigenic exposure [70, 71]. The induction of oral tolerance requires the activation of
TLR-2s in which TLR-2s exert their effects on Tregs and B cells to promote both pro-and
anti- inflammatory reactions. The adaptive immune Treg cells are primarily responsible
for the immune tolerance toward food antigens [72-75] while B cells have a function to
produce IgA against allergic responses to food [77-86]. During homeostatic condition in
the presence of microbiota, activation of TLR-2s on dendritic cells (DCs) directs Treg
cell homing to the lamina propria but they do not drive Treg cell differentiation [73-76].
The homing of Treg cells promotes anti-inflammatory immunity of the host to prevent

5
allergic responses to food antigens. On the other hand, upon their activation, TLR-2s can
also elicit pro-inflammatory responses on resting B cells. When TLR-2s become
activated on resting B cells, they promote resting B cells to activate, and later
differentiate into plasma cells and promote IgA class switching and recombination to
secrete IgA antibodies [77-79]. Elevated secreted IgA production is required for the
protection against food allergic responses [80-86]. Additionally, the synthetic TLR-2
ligands used as treatments can significantly suppress inflammation in the mucosal tissues
by up-regulating the tight-junction of the intestinal epithelium [87-88]. As a result, the
activation of TLR-2 is important to promote IgA secretion, B cell maturation, intestinal
barrier function, mucosal homing as well as Treg differentiation during oral tolerance.
Besides oral tolerance, TLR-2s are subject to gastrointestinal inflammation during
pathogenic infection. For example, during experimental colitis in mice, TLR-2 expression
and activation are sufficient to facilitate eosinophil recruitment [90]. Similarly, during
parasitic Schistosoma mansoni infection in mice, eosinophil recruitment to the large
intestine and the subsequent chronic inflammatory responses require TLR-2 activation
[89]. Sometimes, commensal bacteria protect the host from autoimmune disease by
exerting their effects on the TLR-2 function to colonize the host tissues. For example,
both symbionts Bacillus fragilis and Bacillus breve promote anti-inflammatory response
through TLR-2 signaling within the host [91-93]. The commensal bacteria produce a
polysaccharide on their surfaces called polysaccharide A (PSA) to interact with TLR-2.
Such interaction with TLR-2s allows for commensal bacteria to resist in host tissues and
inhibit the host inflammatory immune responses [91-93]. The suppression of host
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inflammatory responses is due to the presence of Tregs since the administration of
purified PSA can directly induce the T regulatory cell recruitment (Tregs) within the
intestine [94]. Furthermore, the production of PSA secreted from B. fragilis can initiate
the proliferation of FoxP3+Treg cells to produce IL-10 cytokines [91] in which these
cytokines have a function to suppress pro-inflammatory host responses. On the other
hand, probiotic strain B. breve promotes the induction of IL-10 via TLR-2 signaling on
CD103+ DCs to promote the development of Tr1 cells, another subset of regulatory T
cells [93]. Overall, these studies indicate that TLR-2 is a major factor that directs the
immunological balance between tolerance and active immune responses during oral
tolerance to food antigens as well as gastrointestinal infection from pathogens.
TLR-4s play a role in recognition of LPS or endotoxins on Gram (-) bacteria in
the intestinal mucosa [55]. Upon activation by lipopolysaccharide (LPS) or endotoxin
from Gram (-) bacteria, TLR-4 dimerizes with CD14 and MD-2 and subsequently induces
the signaling cascade that ultimately leads to the activation of a pro-inflammatory
response during host innate immunity [95-98]. During homeostatic condition in the gut,
TLR-4s are normally anergic to stimuli, and they are expressed at low levels on the
surface of gut epithelial cells [59-61]. This anergy of TLR-4s is due to the presence of
ST2, a transmembrane protein that can sequester MyD88 and TIRAP, adaptor proteins
associated with TLRs [99] and antagonize TLR-4 functions, allowing TLR-4 to become
hyporesponsiveness to the commensal microbiota in the GI tract. Activation of TLR-4s
on Tregs is critical for the proliferation and survival of Tregs [100]. Together, TLR-4s are
important to maintain host tolerance toward commensals as to they are important for
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active immune responses against pathogenic infection in the host gastrointestinal system.
B. Nod-like receptors. Nod-like receptors (NLR) are multiple sub-intracellular
receptors that are expressed by many immune and non-immune cells. These intracellular
receptors can recognize diverse microbial ligands or host cellular components released
during cell damage. NLRs work together with TLRs to regulate the innate immune
responses [101-102]. NLRs play key roles in the development of mucosal-associated
lymphoid tissues, regulation of intestinal homeostasis, and maintenance of the
gastrointestinal microbiota [101-102]. For example, Nod1 can be found in most immune
cell types. These receptors can recognize peptidoglycan from Gram(-) bacteria, stimulate
the pathogen-killing ability of bone marrow-derived neutrophils residing at a distance
from the gut, and enhance lymphoid follicle development in a CCL20-CCR6 dependent
manner, which is in turn necessary to maintain a stable state of microbial communities in
the intestine [102]. Like Nod1, Nod2 has important roles in innate immunity during
bacterial infection. Unlike Nod1, Nod2 is only expressed in some immune cells such as
Paneth cell, dendritic eclls, macrophages, and IECs [103-107]. Nod2 promotes
antibacterial activity of Paneth cells by secreting antibacterial molecules [108] such as αdefensins that are important molecules that shape the composition of the commensal
communities [112]. However, such antimicrobial activity is altered due to the loss of
function mutation on Nod2 resulting in altered interaction between host and commensal
species [108]. Deficiency of Nod2 in mice leads to the altered microbiota composition
[109] and appears to reduce expression of antimicrobial α-defensins produced by Paneth
cells as well as antimicrobial peptide-secreting cells found in small intestinal crypts [110-
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111].
Other NLR proteins (NLRPs) can form a cytoplasmic complex called the
inflammasome [113] that upon activation, caspase-1 is catalytically auto-cleaved into IL1β and IL-18 cytokines, these cytokines play major roles in pro-inflammatory responses
of host immunity [113]. NLRP6 deficiency in mice results in reduced IL-18 levels in
colonic epithelial cells and altered microbiota characterized by the outgrowth of
commensal species such as Bacteroidetes prevotellaceae [114]. The altered microbial
communities lead to dysbiosis that may predispose the host to inflammatory bowel
disease or even colitis-associated colorectal cancer [114-115].
Cooperative PRR signaling at mucosal surfaces is important to maintain the
mutualism between host and microbiota. For example, NLRP3 and NLRC4 both activate
caspase-1 [116]. Also, the NLRC4 inflammasome mediates the production of mature IL1β in intestinal phagocytes after infection with pathogens, but not with commensal
bacteria [117]. Altogether, the functions of NLR and other NLR subfamilies represent an
innate immune response that allows the host to respond to complex microbial challenges
and to discriminate pathogenic from commensal bacteria.
C. C-type lectins. In the host, C-type lectin receptors function to help the host
recognize numerous fungal species. For example, Dectin-1 is the β-glucan receptor that
can recognize fungal wall components. Apparently, deficiency of Dectin-1 in mice causes
such an increased susceptibility to colitis that the host fails to cope with fungal
colonization [118]. Still, it is unknown whether altered fungal populations can lead to
changes in commensal bacteria that subsequently affect the host and result in intestinal

9
inflammation.
1.2 Commensal bacteria with mucosal barrier structure.
A. The structure of mucosal barrier and its defense mechanisms against
microbial approachment. The gastrointestinal mucosal structure is a complex structure
that consists of both a biochemical barrier as well as a physical barrier. The physical
barrier is shaped by a single layer of the intestinal epithelial cells (IECs) that separates
the inside lamina propria from the intestinal lumen. Additionally, epithelial cells are
closely bound by the tight junctions that allow for paracellular transport between the
epithelium. These tight junctions also help to keep the intestinal epithelium intact.
Mainly, the IECs consist of many non-immune cells such as absorptive enterocytes,
goblet cells, and Paneth cells [154]. All of these IECs have a digestive function.
However, some of these IECs have other specialized functions in addition to their
digestive functions. Specifically, absorptive enterocytes play a role in metabolic function
[155] while other secretory IECs, including Paneth cells, and goblet cells, provide the
biochemical barrier of the mucosal structure [155-157]. This biochemical barrier protects
the host from the pathogenic approachment and maintains the homeostatic balance of the
gut microbiota. For example, both Paneth cells and Goblet cells secrete mucins to enforce
the physical barrier, and they secrete antimicrobial peptides (AMPs) to maintain the
biochemical barrier of the mucosal structure and protect the host from the pathogenic
approachment [156-157].
Among mucins secreted from the Goblet cells, a mass production of mucin 2 (
Muc2) is necessary to protect the host colon by the establishment of a physiological
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barrier of colonic epithelium against pathogenic invasion [158]. In mucin2-deficient
mice, these mice are predisposed to colitis and subsequently inflammation-induced
colorectal cancers [159-160].
As mentioned before, besides mucins, Goblet cells secrete many AMPs, such as
resistin-like molecule-β (RELMβ) and trefoil factor3 (TFF3). These AMPs protect the
host from the pathogenic infection and maintain a physical barrier of the intestinal
epithelium [161-164]. The function of TFF3s is to provide the cross-linked structure of
mucin that enforces the mucus integrity and to stimulate epithelial reconstruction as well
as the recruitment of IECs along with the counteraction to apoptosis [161-162,165]. On
the other hand, RELMβs induce the secretion of Muc2, mediate the immune responses
from macrophage as well as adaptive T cell responses during inflammation, and directly
inhibit parasite chemotaxis [164-164].
In the small intestine and colon, other AMPs are produced by other IECs besides
Goblet cells. For instance, regenerating -islet-derived protein IIIγ (REGIIIγ) secreted by
enterocytes and Paneth cells have a function to shape the intestinal barrier function
throughout the small intestine and colon so that the host intestinal epithelial layer are
physically separated from the commensal microbiota [156-157,166-168]. Small AMPs
secreted by Paneth cells from the crypts of the small intestinal such as defensins,
cathelicidins, and lysozymes [156-157,166-168] aim for the bacterial cell wall. These
AMPs are essential to shaping the composition of gut microbiota, and promoting mucosal
innate immunity [156-157,166-168]. With the aid of AMPs secreted by host IECs, a
complex antimicrobial network is formed on the surface of the gastrointestinal epithelium
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to protect the host from pathogenic invasion and to prevent an inflammatory response
activated by commensal species within the GI tract.
Another function of IECs is the transport of secretory IgAs from the epithelium to
the host lumen [169]. In the lamina propria, plasma cells secrete dimeric IgAs, which
subsequently bind to the polymeric-immunoglobulin-receptor (pIgR) at the basolateral
membranes of the intestinal epithelium [169]. In here, the transcytosis of the whole
complex of IgA with pIgR across the epithelium happens [169]. The secretion of IgAs
across the epithelial cell barrier is necessary to protect the host from pathogenic infection
by binding to the bacteria surface and to prevent bacteria from having a direct interaction
with the host epithelium [173]. Regulation of IgAs is dependent on the programmed-celldeath-protein 1 (PD-1); these PD-1s have a role in the selection of IgA-specific plasma
cells. In mice that have a PD-1 deficiency, these mice appear to have an aberrant
overproduction of follicular T-helper cells (TFH) with an altered phenotype [174]. This
overproduction of altered TFH affects the IgA selection process [174]. As a result,
impaired PD-1 leads to dysbiosis in the GI tract due to the altered microbial compositions
[174]. Together, the secretion of PD-1 regulated IgAs in the GI tract is important because
it maintains the intact mucosal intestinal barrier, keeps track of the commensal
population, and lastly regulates intestinal homeostasis.
Finally, microfold cells (M cells), a type of IECs, are necessary for immunesurveillance posts in the intestinal epithelium. These IECs are mostly found in Peyer’s
Patches, and their function is to facilitate the access of antigens or live bacteria in the
lumen, and subsequently transport them to macrophages and other lymphocytes to initiate
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the immune responses [175].
Overall, the role of IECs is important in the host GI tract because they provide a
gastrointestinal barrier to separate the host lamina propria from the intestinal lumen,
maintain the microbial populations within the gut via the secretion of AMPs and IgA, and
lastly regulate the host immune responses.
B. Commensal bacteria shape mucosal barrier structure. Besides host
immunity, commensal bacteria shape mucosal barrier structure. For example, commensal
Bifidobacteria spp. secrete short-chain fatty acids (SCFAs) to rescue host mucosal
epithelium from apoptosis caused by pathogenic infection or idiopathic inflammation.
These Bifidobacteria spp. also suppress the activation of the NF-κB pathway along with
the secretion of pro-inflammatory cytokines by IECs [176,177] (Fig. 1A). For further
protection from pathogenic infection, microbiotas also induce the production of AMPs
secreted by Paneth cells that require the action of TLR signaling to target on the
pathogens [178-180] (Fig. 1E). Additionally, commensal bacteria are involved in the
process of fucosylation of IECs in which the surface of epithelial cells is modified by the
addition of fucose sugar group. This modification helps the host to prevent the pathogenic
infection, such as Salmonella typhimurium [181-182] (Fig. 1C).
As mentioned before, the secretory IgA dimers (SIgA) produced by mucosal
plasma cells are released into the lumen [169]. Here, SIgAs subsequently bind to the
luminal microbes, neutralize specific mucosal pathogens, and limit the direct contacts of
microbes on the epithelial surface. SIgAs also regulate intestinal homeostasis by
extenuating the overall inflammatory responses in the mucosa and maintaining the
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commensal population within particular intestinal regions [183-185]. In return,
commensal bacteria take part in the process of IgA selection as well as IgA expression
[186-188]. For instance, live commensal bacteria can be found in the intestinal dendritic
cells (DCs) for a couple days, and these bacteria are involved in IgA class switching and
expression [188]. As a result, the secretory IgAs protect the intestinal epithelium from the
microbial invasion [188] (Fig. 1B).
Additionally, commensal bacteria have been shown to be involved in the
generation of new IECs. For example, germ-free mice (GF) exhibit a slower turnover rate
of IECs compared to the conventional mice [190-194]. Pathogenic infection or
uncontrolled inflammatory response of the host causes intestinal injury in the host. In this
case, the commensal bacteria exert their effect on TLR signaling for the proliferation of
new IECs, and meanwhile, restore gastrointestinal homeostasis [189].
As mentioned before, each epithelial cell of the intestinal epithelium is bound by
the tight junctions. These TJs require the action of the commensal bacteria to maintain
their overall integrity. For instance, commensal bacteria induce the up-regulation of the
tight junction proteins ZO-1 in a TLR-2-dependent manner [88,189]. Furthermore, when
GF mice are colonized with commensal B. thetaiotaomicron, the intestinal tight junctions
become up-regulated. This up-regulation of TJs is due to the effect of commensals on
many intestinal mucosal genes including TJ proteins to promote the expression of tight
junctions [88,189, 195] (Fig. 1D).
Lastly, commensal bacteria also contribute to mucus production. For example,
secreted products of commensal bacteria such as lipopolysaccharide (LPSs) and
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peptidoglycans (PGNs) can promote mucus production in GF mice upon oral
administration [196] (Fig. 1F). Interestingly, commensal bacteria can further reduce IBD
susceptibility. For example, bacterial products such as LPS (TLR-4 ligands) and CpGs
(TLR-9 ligands) can stimulate the intestinal epithelial layer to mass producte mucus to
rescue mice from the ulcerative colitis [189,197-198].
Overall, microbiota contribute many aspects of the intestinal structure and
function. Specifically, commensal bacteria take part in the process of maintenance and
shaping of the host mucosal barrier structure as well as host intestinal homeostasis
through the up-regulation to the tight junctions, the induction of mucus production and
the secretion of IgAs. Lastly, commensal bacteria play a role in the regeneration and
proliferation of IECs and rescue IECs from the apoptosis caused by pathogenic infection.
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Figure 1: The role of microbiota on Mucosal Barrier Structure. Microbiota induced epithelial barrier
mechanisms: (A) Microbiota secrete SCFAs and suppress the activated NF-κB signaling to rescue host
mucosal epithelium from apoptosis caused by pathogenic infection of E. coli (B) The secretions of
microbiota- induced dimeric IgAs released from the basolateral membranes of the intestinal epithelium and
transcytosed into host lumen. In host lumen, IgAs subsequently bind to the luminal microbes, neutralize
specific mucosal pathogens, and limit the direct contacts of microbes on the epithelial surface. (C)
Microbiota induces the fucosylation on the surface of epithelial cells by the addition of fucose sugar group
Fut2 to prevent the pathogenic infection such as Salmonella typhimurium. (D) Microbiota induces the upregulation of the tight junction proteins ZO-1 in a TLR-restricted manner to shape the epithelium. (E)
Microbiota induces the production of AMPs secreted by Paneth cells in a TLR-dependent manner to target
the harmful pathogens. (F) Lipopolysaccharide (LPS) and peptidoglycan (PGN) secreted by microbiota
promote mucus production from Goblet cells. Credit: An Nguyen

1.3 Commensal bacteria and food allergy.
Food allergies are a major problem in humans. This happens when the host
immunity becomes over-reactive toward oral food allergens and considers food allergens
as a threat. For example, consuming peanut, wheat, soy or egg may elicit such a severe,
sometimes fatal allergic reaction. The overreaction of host immunity to food allergens is
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due to the sensitization of the immunity to a particular food allergen. In this case, the host
T cells recognize the food allergen and become activated. Upon activation, these T cells
activate allergen-specific B cells that subsequently differentiate into allergen-specific
plasma cells and secrete IgEs, an antibody that majorly participates in allergic reactions
[119-121]. These allergen-specific IgEs later attach themselves to the surface of mast
cells or basophils and prime the individual host immune system to react to the offending
allergen. Upon subsequent exposure to certain allergenic food, the allergens cross-link
with IgEs on the surface of the mast cells or basophils [128-130] and cause these cells to
release various mediators such as histamines that mediate the allergic reaction in the
bloodstream and tissues [122-127]. It is possible that gastric acid or enzymatic digestion
fails to break down the potential of food allergy to bind IgEs [131]. Another possibility is
that the food allergy may bypass the gastric acid or digestive enzymes by entering
through intra-ileal route [131]. For example, experiments on mice have shown that mice
fed with encapsulated food allergens can have the gastric acid or digestive enzymes
bypassed [132]. This bypass causes the disturbance of oral tolerance and provokes an
inflammatory IgE reaction [132]. Certain foods like eggs or peanut can resist degradation
by gastric acid or digestive enzymes [133]. Lastly, an increased risk of allergic
sensitization is associated with defects in gut barrier function [134].
Since there is an abundance of bacteria colonies in the GI tract, it is possible that
microbiota may regulate the food allergen sensitization. Previous studies have suggested
that certain diet or hygienic practices at an early age may reduce the exposure to
infectious microbes that possibly disrupt the normal commensal microbiota [135].
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Altered microbiota compositions are associated with the overuse of certain antibiotics, a
change in formula-feeding, overconsumption of high-fat diet, and lastly a shift from
vaginal birth toward to Caesarean births [136-143,275]. Antibiotic use during infancy is
primarily concerned with the correlation of immune-allergies and the disruption of the
homeostatic balance of bacteria [137]. Experiments on neonatal mice demonstrate that
antibiotic exposure can alter the commensal microbiota and enhance food allergen
sensitization [144]. Apparently, antibiotic-treated mice or even germ-free mice display a
much higher elevated food allergen-specific IgE compared to the conventional mice [144]
due to a disturbance of commensal bacteria [144]. However, the resolution of IgEmediated- food allergy was significantly associated with the reestablishment of
gastrointestinal commensal species by transferring feces from conventional mice into
antibiotic-treated mice. For instance, when symbiont Clostridia bacteria were reintroduced to antibiotic-treated mice or germ-free mice, these mice were protected from
food allergic reaction [144]. The underlying mechanisms that directly result in the
suppression of allergic response are due to the induction of FoxP3+Tregs and IgA in the
colonic lamina propria that have suppressive functions and promote oral tolerance in the
host [144]. The presence of FoxP3+Tregs induced by Clostridia can efficiently suppress
the allergen-specific Th2 responses in the small intestines [145]. Meanwhile, these Tregs
induced by Clostridia also enrich the gut environment within the colon with their
cytokine production of TGF- β, IL-10, and IL-35 to exert their anti-inflammatory
properties in the host gastrointestinal tract [146]. Besides Tregs and IgA production,
commensal bacteria also induce the production of IL-22 cytokines from hematopoietic
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cells such as CD4+ T cells and RORγt+ innate lymphoid cells (ILCs) to enhance the host
intestinal barrier and decrease the intestinal epithelial permeability of food allergen [144].
Specifically, the production of IL-22 promotes intestinal epithelial proliferation [151-152]
and induces mucus secretion from Goblet cells [153]. Furthermore, these cytokines
mediate the innate immune response through their interactions with IL-22 receptors on
the intestinal epithelium [147-148]. As a result of the interaction between IL-22s and
their receptors on intestinal epithelial cells (IECs), the secretion of antimicrobial
molecules such as RegIIIb, RegIIIc, S100A8s, and S100A9s from IECs are essential to
protect the host from pathogenic infection and keep microbiota in check [149-150]. After
all, commensal bacteria and host immunity toward food allergen sensitization have a tight
connection to each other. While commensal bacteria promote oral tolerance in the host by
the induction of FoxP3+Tregs and IgA and keep the intestinal barrier intact as well as
decrease the intestinal epithelial cell permeability of food allergen by the induction of IL22 cytokines, the host immunity relies on IL-22 to induce antimicrobial molecules to
prevent pathogenic infection and shape the microbiota composition.
Overall, the presence of food allergy is due to defects in the intestinal barrier or
food allergens that can bypass the gastric acid or digestive enzyme, resulting in the
allergen-specific IgE immune responses to certain foods. Another factor that may
participate in food allergy is disturbance of the normal microbiota. The role of
commensal microbiota to protect the host from food allergy is imperative because they
can promote oral tolerance in the host by the induction of FoxP3+Tregs and IgA and
induce the production of IL-22 cytokines to maintain the gastrointestinal barrier intact
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and inhibit the permeability to the food allergen.
1.4 Commensal bacteria together and their metabolites on host immune system.
During normal homeostasis, the commensal bacteria are present in the intestinal
lumen, and they do not directly interact with the intestinal epithelium due to the thick
layer of mucus secreted from IECs, meaning that the commensals do not directly interact
with resident intestinal macrophages. The absence of direct interaction of commensals on
immune cells poses a question: how can commensal bacteria be able to regulate the host
immune response without inducing an inflammatory response from macrophages?
Previous studies have focused only on the metabolites secreted by commensal bacteria.
A. Overview of the roles of commensal bacteria with immune cells. In the GI
tract, it is unknown how commensal microbiota can directly exert their effects on
immune cells. However, many immune cells such as neutrophils, macrophages, innate
lymphoid cells (ILCs), B cells as well as T cells require the presence of commensal
bacteria for their activation. Specifically, the commensal bacteria can stimulate PRRs on
the IECs to induce thymic stromal lymphopoietins (TSLPs) secretion along with retinoic
acids from dendritic cells (DCs) [199]. TSLPs, in return, stimulate the production of Bcell-activating factors (BAFFs) along with proliferation-inducing ligands (APRILs) [200201]. Besides TSLPs, retinoic acids secreted by DCs upon the stimulation of commensal
bacteria are capable of inducing IgA selection during class-switch recombination of the
plasma cells [202]. Additionally, these retinoic acids which are induced by commensal
bacteria act as an important factor for Treg differentiation in which these Tregs can
subsequently suppress theTh17cellular activation [203].
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Commensal bacteria participate in the differentiation process of Tregs and
maintain the immune-tolerance in the gastrointestinal mucosa. Notably, commensal
bacteria promote transforming growth factor-beta (TGF-β) secreted by the intestinal
epithelium. Interestingly, TGF- βs are capable of driving the successful differentiation of
Tregs from naïve CD4+T cells [204-205]. Additionally, commensal bacteria induce IL10 secretion from DCs and macrophages after receiving the intestinal antigens from the
Goblet cells [206-208]. These IL-10s can aid further the process of Tregs differentiation
[209]. For instance, commensal B. fragilis can prevent such an uncontrolled intestinal
inflammation by directing the development of Tregs and suppressing the activation of
pro-inflammatory Th17 cells which are induced by pathogens [210-211, 213]. In a similar
manner, oral administration of symbiotic bacteria such as symbiotic Clostridia can induce
the development of Tregs, and rescue mice from the ulcerative colitis and other allergic
inflammatory diseases [145]. These reflect the ability of commensals to promote
immuno-tolerance in the GI tract and suppress the host inflammatory responses.
Finally, the commensal bacteria can maintain intestinal homeostasis. For instance,
they can induce IL-25secretions from endothelial cells. These IL-25 cytokines exert their
effects on a subset of DCs to suppress IL-22 production by RORγt+ innate lymphoid cell
group3 (ILC3) [214-215]. This suppression of IL-22 can inhibit the secretion of AMPs
that target the microbial communities, thereby, maintaining the intestinal homeostasis as
well as the commensal population.
B. Gut metabolites shape the intestinal immune system.
a. SCFAs. Recent studies have discovered that commensal bacteria can communicate
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with the host via the secretion of the microbial products to regulate the host immune
response. Previous studies have shown that microbiota metabolites contribute a
significant role in host physiological homeostasis development, metabolism, and
immunity. The microbial metabolites exert their effect on the host signaling pathways to
regulate host immunity. For instance, commensal bacteria secrete many different bile
acids and short -chain fatty acids (SCFAs) [8-9].
SCFAs are known to have many beneficial effects on many host metabolic
pathways as well as abilities to suppress the pro-inflammatory responses from various
immune cells [10-16]. Acetate, butyrate, and propionate are the major SCFAs that are
present in the GI tract [216]. During many host metabolic pathways, these SCFAs are
used as a source of energy, and they are taken up by organs and used as substrates or
signal molecules to regulate lipid, glucose, and cholesterol metabolism in various tissues
after they are delivered into the bloodstream [217-221]. As mentioned before, SCFAs can
suppress many host pro-inflammatory responses to prevent an uncontrolled inflammation.
For instance, oral administration of acetate via drinking can rescue mice from the
development of the chemically DSS -induced inflammatory colitis [16]. The resolution of
a chemically-induced-inflammatory colitis is due to the interaction of SCFAs with Gprotein coupled receptors 43 (GPR43s) that profoundly suppress such an immune
inflammatory response [16]. In the same colitis experiment, mice that lack GPR43 appear
to have an exacerbated inflammation [16]. Additionally, SCFAs can induce the
differentiation of FoxP3+Tregs from naïve CD4+T cells upon the administration of
SCFAs into either GF mice or specific-pathogen mice (SPF) [9,222-223]. Here, the
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presence of Treg cells protects the host from such an inflammatory response [9,222-223].
Among SCFAs, butyrates secreted by probiotics can efficiently convert naïve
CD4+T cells into Tregs cells in vitro [9,223]. In the presence of butyrates, these SCFAs
exert their effects on gene expressions of CD4+T cells and facilitate the FoxP3+
expression [224]. Additionally, butyrates can directly induce the production of IL-10
from Tregs cells [225] in which IL-10 cytokines have an anti-inflammatory effect. The
hallmark of the inhibitory effect of butyrates is through the induction of TGF-β secreted
by epithelial cells that can suppress the generation of the cancerous epithelium [212].
Altered microbial composition affects the level of butyrates in the GI tract and exposes
the host to many inflammatory diseases. For example, IBD patients appear to have a
lesser number of butyrate-producing bacteria comparing to healthy individuals [226].
Unlike butyrates, other SCFAs, such as acetate and propionate, participate in the
process of Treg recruitment rather than Treg differentiation. Mice that are fed with
propionate and acetate appear to have such an induction of gut-homing molecules on
Tregs and subsequently the accumulation of Tregs in the GI tract system [223].
Additionally, acetate can enhance the gastrointestinal epithelial barrier and suppress the
host inflammation upon pathogenic infection [176].
In conclusion, the role of SCFAs to protect the host from such an inflammatory
response is due to their abilities to promote and induce FoxP3+Treg differentiation and
recruitment. Furthermore, they are responsible for the production of IL-10 cytokines to
inhibit inflammation, the secretion of TGF-β to suppress such an uncontrolled
proliferation of cancerous epithelium, and lastly, the reinforcement of the gastrointestinal
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barrier during pathogenic infection.
b. ESPs. Besides SCFAs, exopolysaccharide (EPS) secreted from commensal
bacteria have been brought to attention due to their abilities to suppress the inflammatory
response. The structure of EPS consists of carbohydrate polymers that form a layer on
the extracellular surfaces of many different microorganisms. EPS have been known for
their anti-inflammatory function. Specifically, EPS secreted by the human microbiota B.
fragilis (also called polysaccharide A (PSA)) can suppress the pro-inflammatory
responses of IL-17 A by directly inducing IL-10 producing-Tregs and limit the resistance
of the pathogenic infection via TLR-2 signaling pathway [91-94,227-232]. Additionally,
in GF mice, administration of EPS results in the expansion of the T-cell population and
resolution of the aberrant TH1/TH2 imbalances [230].
EPS secreted by B. fragilis also can induce a unique subset of M2 macrophages
that can promote the secretion of inhibitory cytokine IL-10 that in turn suppresses the
inflammatory responses via the TLR-2 signaling pathway and protects the host from the
chemically-induced colitis [233].
Sphingolipids, a particular type of EPS secreted by B. fragilis, can rescue mice
from the chemically-induced colitis. The development of colitis is attributed to the
accumulation of the invariant natural killer T cells (iNKTs) [237]. In the presence of
sphingolipids, the number of iNKT cells is reduced. As a result, the host is protected from
such an inflammatory-mediated colitis.
Interestingly, despite the fact that EPS secreted by commensal bacteria can elicit
such an anti-inflammatory response to against the action of host immunity, EPS secreted
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by non-commensal species may result in the activation of host immunity. For example,
EPS secreted by B. breve can inhibit the antibody production [234]. In contrast, EPS
secreted by Lactobacillus kefiranofacien can promote the proliferation of plasma blasts
and induce the activation of the pro-inflammatory subset of macrophages [235-236]. It is
believed that the different effects of EPS secreted by various microbial species are due to
the nature of that microbial species. For a species that participate in the host
gastrointestinal microbiota, it is possible that B. brevis has developed several microbial
products to restrict host immune response such as antibody secretion so that these
commensal bacteria can be able to resist for their colonization in the host gastrointestinal
lumen. On the contrary, L. kefiranofaciens are just transient microbial species since they
only briefly pass the GI tract without continual colonization. As a result, the host
immunity mistakenly considers L. kefiranofaciens as a threat and provokes such an
inflammatory response to target on these microbes.
Collectively, EPS secreted by commensal bacteria are capable of suppressing the
immune responses of the host and maintaining the homeostasis of the host GI tract
system.
c. Vitamins and amino acids. Microbiota are also responsible for the
production of vitamins as well as amino acids. The presence of vitamins together with
amino acids is essential for host lipid metabolic pathways as well as host immune
systems. For instance, Vitamin B-based metabolites (such as riboflavin) secreted by
Bifidobacterium spp. can activate the MHC-related protein 1 (MR1)-dependent mucosal
associated T cells (MAITs) [238,239]. Upon activation, MAIT cells then elicit pro-
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inflammatory cytokines such as TNF- α and IFN-γ [239]. It is believed that such an
interaction between vitamin-B metabolites secreted by commensals and MAIT cells helps
to reinforce the host immune surveillance across the epithelium and modulate the host
immune response within the GI mucosal region.
d. Indoles. The secretion of microbial-indoles during quorum sensing process of
the commensal bacteria contributes to the reinforcement of the gastrointestinal barrier.
For instance, indole-production induces the up-regulation of the epithelial tight junctions
[240,241]. Thereby, the secretion of indoles by commensal species helps to shape the
intestinal mucosal barrier.
C. Altered level of microbial metabolic profile leads to host inflammation and other
inflammatory diseases. The cross-talk between host immunity and commensal bacteria
is attributed to the action of microbial metabolites/products that control and regulate the
host immune system and homeostasis. Disturbances of the microbial metabolites that are
associated with the overuse of certain antibiotic drugs, change in diet, altered microbiota
composition, or pathogenic infection predisposes the host to many inflammatory immune
diseases and metabolic disorders, such as IBDs, diabetes, obesity, ulcerative colitis and
behavioral disorders. For example, mice fed with high fat diets appear to have altered
microbiota communities such as an outgrowth of deoxycholic acid–producing bacteria.
Subsequently, deoxychloic acid causes altered phenotypes of hepatic stellate cells (HSC),
which then triggers the production of pro-inflammatory cytokines and ultimately leads to
cancerous liver tumors [243]. Other studies involve the injection of polyinosinicpolycytidylic acid in mice that leads to the production of 4-ethylphenylsulfate (4EPS) and
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indole-pyruvate [244]. These molecules are associated with autism spectrum disorder
(ASD)-like behavior in the mouse model [244].
Overall, it is important to understanding how microbial metabolites impact the
host immune system. Especially, it may provide useful insights for the improvement of
potential therapeutics against individual host immune diseases as well as other metabolic
disorders.
II. INTESTINAL MACROPHAGES
The GI tract encounters more foreign substances than any other part of the body,
and, therefore, it harbors the largest compartment of the immune system. Intestinal
immune cells include a major reservoir of tissue macrophages that participate in the first
line defense of the GI immune system. Particularly, intestinal macrophages can be found
in the lamina propria region, just beneath the intestinal epithelium. Here, the intestinal
macrophages play a central role in initiating and sustaining protective immune responses
mounted against a vast number of potentially harmful bacteria and antigenic stimuli
present in the intestinal lumen. Meanwhile, the intestinal macrophages must ensure the
continuation of immune tolerance toward innocuous antigens such as dietary proteins or
commensal bacteria. Thereby, it is important for intestinal macrophages to be able to
distinguish non-harmful antigens from others that are considered as a threat to the host. In
particular cases where the host is disturbed by pathogenic infection or altered microbiota
composition, such tolerance of intestinal macrophages may breakdown, and it may result
in the development of immune allergies and other host inflammatory diseases.
Consequently, the intestinal macrophages must maintain the harmonious balance between
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their abilities to elicit such an immune response toward antigenic stimulation and their
tolerance toward the non-harmful species or antigens. The function of intestinal
macrophages depends on the conditional state of the GI tract: steady state versus
intestinal inflammation. Upon the conditional states of the GI tract, the characteristics of
intestinal macrophages display differently and will be further discussed here below:
A. The features of intestinal macrophages during the steady state of GI tract.
During steady state, intestinal macrophages play a central role in performing
housekeeping functions. Favorably located beneath the intestinal epithelium, the
intestinal macrophages function to capture and phagocytose any foreign substances that
breach the epithelial barrier [250]. This bactericidal activity allows intestinal
macrophages to protect the host from pathogenic infection or antigenic stimulation that
may be considered as a threat to host. Furthermore, intestinal macrophages are
responsible for the production of pro-IL-1β in the presence of commensal bacteria [117].
The production of pro-IL-1β is beneficial to the host for clearance of enteric pathogens in
the NLRC4 inflammasome –restricted manner. On the other hand, intestinal macrophages
are also responsible for the clearance of apoptotic or senescent cells and promote tissue
remodeling [245-248]. Additionally, the intestinal macrophages secrete various cytokines
and several soluble factors that are necessary for tissue-remodelling. For instance, the
production of PGE2s secreted by intestinal macrophages can induce generation of the
epithelial precursor cells to maintain the gastrointestinal epithelial barrier [249]. Thus, it
is believed that intestinal macrophages play a key in host immune recognition to
distinguish the commensal bacteria or dietary antigens from the pathogenic bacteria or
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harmful substances.
Interestingly, unlike other tissue macrophages, the intestinal macrophages are
inflammation-anergic. In this case, the intestinal macrophages must maintain tolerance
toward to non-harmful dietary antigens or commensal bacteria. Immune tolerance of the
intestinal macrophages is attributed to the low expression of toll-like receptors (TLRs) in
macrophages as well as the failure of the TLR downstream signaling to elicit such an
immune response [37,250,268]. As a result, intestinal macrophages fail to trigger proinflammatory cytokines to elicit host inflammation during the steady state [250-252].
Furthermore, intestinal macrophages also do not release any reactive oxygen species nor
generate nitric oxide upon ingestion of live bacteria [253]. Like other tissue macrophages,
intestinal macrophages possess a high expression of MHC class II [246,256-258];
however, they do not migrate to meet naïve CD4+ T cells for CD4+T activation in the
resting condition [259-260]. Interestingly, these intestinal macrophages are responsible
for the differentiation of FoxP3+Treg cells and the maintenance for the survival of Treg
cells by constitutively secreting anti-inflammatory IL-10s [254]. The production of the
intestinal macrophages-derived IL-10s is necessary to promote the secondary-expansion
and the survival of Tregs [73]. As mentioned before, the Treg population has an essential
function to suppress inflammatory immune responses and promote oral tolerance in the
host.
Intestinal macrophages also contribute to the maintenance of host immune
homeostasis and intestinal epithelial barrier. Intestinal macrophages secrete a small
number of pro-inflammatory TNF- α cytokines that have a wider effect on the host
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immunity [35, 36, 254]. During the steady state, TNF- α can modulate the proliferation of
enterocytes and maintain the intestinal epithelial permeability by stimulating the activity
of the matrix metalloproteinases and several tissue-remodeling enzymes [254,255].
Intestinal macrophages also take part in the regulation of other immune cells in
the gastrointestinal immune system. Specifically, the secretion of microbiota-induced IL1β by intestinal macrophages is responsible for the proliferation of Th17 cells [264].
Additionally, there is an intrinsic cross-talk between macrophages and innate lymphoid
cell group 3 (ILC3). In this case, microbiota-regulated macrophages stimulate the
secretion of granulocyte-macrophage-colony-stimulating factors (GM-CSFs) secreted by
ILC3. GM-CSFs subsequently provide feedback to dendritic cells (DCs) and
macrophages to produce other inhibitory factors such as IL-10 and retinoic acid [265]
which is necessary for Treg differentiation and expansion.
Intestinal macrophages also participate in the sampling process of the luminal
contents by extending trans-epithelial dendrites (TED) toward the lumen to capture any
antigenic stimuli or live bacteria [266]. Subsequently, these samples are then transported
to the neighboring DCs for the T-cell priming process [266-267], suggesting a mechanism
where by the host can induce oral tolerance and suppress allergic/ inflammatory reactions
by exerting the sampling function of TED on macrophages.
B. Immuno-anergy of intestinal macrophages during the steady state.
The intestinal macrophages display an immune-anergy toward the commensal
bacteria or dietary antigens. This hyporesponsiveness is a distinctive feature of intestinal
macrophages and is attributed to the down-regulation of toll-like receptors (TLRs) on
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macrophages together with an unsuccessful TLR downstream signaling pathway to
trigger host immune responses [37,250,268]. Consequently, during the steady state of the
intestinal macrophages, the host fails to elicit pro-inflammatory cytokines to provoke
such an inflammatory reaction in the GI tract system [250-252].
Additionally, the continuous secretion of IL-10 cytokines is also responsible for
the immune-anergy of the intestinal macrophages [254]. These IL-10 cytokines, by their
action, induce the naïve CD4+T cells for FoxP3+Treg differentiation and support the
survival of Tregs [73] in which the presence of Tregs are necessary to suppress the proinflammatory responses in the host and induce oral tolerance. Together with Tregs, IL-10
cytokines exert their effects on other effector cells to suppress the host immune
responses. Interestingly, the secretion of IL-10 is dependent on the modulation of the
commensal bacteria. For instance, in the absence of microbiota in GF mice, macrophages
fail to secrete IL-10s [261]. Interestingly, IL-10R deficient mice are predisposed to the
chronic GI inflammatory diseases [269-270]. Lastly, the secretion of TGF-β by Treg cells
also involves the hyporesponsiveness of the intestinal macrophages to a variety TLR
ligands [37].
In conclusion, several factors are accountable for the anergic responses of the
intestinal macrophages. Notably, these factors involve the small presence of TLRs on
macrophages as well as the unsuccessful TLR downstream signaling, and the mass
production of IL-10 from macrophages that leads to the differentiation of Tregs to secrete
other inhibitory factors such as TGF-β to suppress the host immune responses. These
findings suggest a possible link between commensal bacteria and immuno-anergy of host
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intestinal macrophages. However, the impact of microbiota on intestinal macrophages
remains unclear, and the mechanisms of how microbiota exert on intestinal macrophages
needs to be further studied (Fig. 2).
C. Functions of macrophages in the intestinal inflammation.
In the presence of external factors that may disturb the host intestinal
homeostasis, such as the overuse of the antibiotic drugs, change in diet, or pathogenic
invasion, the intestinal macrophages elicit a series of inflammatory responses that cause
inflammation in the host GI tract system. For instance, intestinal macrophages upregulate co-stimulatory molecules and secrete a mass number of pro-inflammatory
cytokines which involve the participation of IL-1β, TNF- α, IL-6 cytokines, reactive
oxygen intermediaries, and nitric oxide to promote a severe inflammation in the gut [271272, 268]. These pro-inflammatory cytokines induce the secretion of chemokine
attractants to facilitate the recruitment of other effector innate immune cells including
Th1 cells, Th17 cells, and eosinophil cells at the site of inflammation. Notably, the
inflamed intestinal macrophages still maintain the secretion of anti-inflammatory IL-10
cytokines to promote tissue repair in the host GI tract [251, 268,272-273]. Perhaps, it is
an important feature of intestinal macrophages to restore homeostasis after the clearance
of infection or inflammatory agents to prevent chronic inflammation. Failure to restore
homeostasis leads to chronic inflammatory disease in the GI system (Fig.2).
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Figure 2: The functions of macrophages during steady state and inflammatory state. During steady
state, intestinal macrophages play a role in a) engulfment of apoptotic or senescent cells, b) elimination of
invading bacteria, c) maintenance of host immune homeostasis and intestinal epithelial barrier by the
secretion of PGE2 to promote tissue-remodeling, d) sampling of luminal contents by extending TEDs
toward the lumen to capture any antigenic stimuli or live bacteria, e) secretion of IL-10 constitutively to
facilitate the secondary-expansion and the survival of FoxP3+ Tregs. In a presence of such external factors
that may disturb the host intestinal homeostasis, the intestinal macrophages elicit a series of inflammatory
responses such as the production of pro-inflammatory cytokines and other chemokine attractants to
facilitate the recruitment of effector innate immune cells including Th1 cells, Th17 cells, and eosinophil
cells at the site of inflammation. Intestinal macrophages also recruit neutrophils to regulate TNF-α and
ROS species such as nitric oxide. Credit: An Nguyen
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III. THE STATEMENT OF PROBLEM AND HYPOTHESIS
In humans the major populations of commensal bacteria reside in the
gastrointestinal system where they exert their influences on host immunity and maintain
gastrointestinal homeostasis. Such influences from commensal bacteria contribute in
protecting the host from pathogenic invasion and developing food allergies, as well as
maintaining the host mucosal structure together with host intestinal homeostasis. Recent
studies have discovered that the secreted products/ bacterial metabolites from commensal
bacteria provide a crosstalk between host and microbe interactions [8-9, 10-16, 9194,176,216-241]. This complex crosstalk plays an important role in regulating host
immunity, host physiological homeostasis development, and host metabolism. So far,
little is known about the mechanisms of how secreted bacterial products/ metabolites take
part in regulating host immune systems.
In the gastrointestinal tract, the intestinal macrophages, unlike other regional
macrophages, appear to have tolerance towards the commensal bacteria despite their
phagocytic and bactericidal activities that allow them to actively participate in host firstline defense against pathogenic invasion and/or antigenic stimuli. Since the intestinal
macrophages are located in close proximity to the commensal bacteria, just beneath the
epithelial layers, it is possible the presence of commensal bacteria in gut lumen may
somehow alter the functions of intestinal macrophages and contribute to the anergic
characteristics of the intestinal macrophages. Given commensal bacteria crosstalk with
host immunity through their secreted microbial products/ metabolites, even though it is
unknown whether these secreted microbial products/ metabolites directly exert their

34
effects on immune cells, we believe that commensal bacteria communicate with intestinal
macrophages through their secreted microbial products/ metabolites. In this study, we
sought to understand the involvement of the secreted commensal bacterial factors in
response to the anergic function of intestinal macrophages. We hypothesized that the
secreted bacteria factors/metabolites present in the bacterial supernatant can suppress
macrophage activation upon the induction of TLR or NLRP3 agonists on macrophages.

CHAPTER TWO
EXPERIMENTAL DESIGN AND METHOD
Commensal bacterial culture and supernatant collection.
Four different commensal strains found in human GI tract were gifted from Dr.
Schreckenberger at Loyola Medical Center. These four strains including Lactobacillus
delbrueckii (LD), Lactobacillus rhamnosus (LR), Lactobacillus fermentum (LF) and
Streptococcus oralis (SO) were cultured separately in tryptic soy (TS) broth, pH: 6.0 –
6.4 at 37˚ C, 5% CO2 for three weeks until they reached an OD600 of 1.0 to have
approximately 109 cells per mL. The bacteria cultures were centrifuged at 10,000 rpm for
15 minutes, collected and then filtered through a 0.22 µ m filter (Millex) to remove any
whole bacterial cells. The bacteria supernatants were stored at -20˚ C for future use.
Mice.
C57BL/6 mice were purchased from Jackson Laboratories and maintained by Dr.
Qiao at Loyola University Chicago. TLR2-/- and TLR4-/- mice were a generous gift from
Dr. Knight. All mice were bred and cared for according to protocols approved by the
Institutional Animal Care and Usage Committee at Loyola University Medical Center,
Maywood, IL. C57BL/6, TLR2-/- and TLR4-/- mice (6 weeks old) were utilized for the
experiments and sacrificed by CO2 inhalation.
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Bone Marrow Cell isolation and Characterization of Murine bone-marrow derived
macrophages with conjugated antibodies.
Bone marrow cells were isolated from mice and grown in culture cell flask in the
presence of macrophage colony stimulating-factor (M-CSF), which was secreted by L929
cells and was used in the form of L929-conditioned medium [311]. Phenotypic
characterization of BMDMs with conjugated antibodies was acquired by flow cytometry.
The 0.25 x 106 cell suspensions were stained with Pacific blue Annexin V ( Biolegend),
PE-conjugated anti-mouse F4/80 Ab (BM8, Biolegend), APC-conjugated anti-mouse
CD11b Ab (M1/70,Biolegend), FitC-conjugated anti-mouse CD11c Ab (N418,
Biolegend), isotype control anti-mouse CD16/32 Ab (93, Biolegend). Data were acquired
by LSRFortessa flow cytometer (BD Biosciences) and analyzed with Flowjo software
(Treestar).
Cell Culture.
Different macrophage cell lines were used in this experiment, including murine
B6 macrophage cell lineand THP-1 human cell line. Both B6 mouse cell line and THP-1
human cell line were maintained by Dr. Qiao’s lab. Primary cells were also used in this
study. Murine bone-marrow derived macrophages (BMDM) were first isolated from bone
marrows and then treated with L929 conditioned medium to differentiate into
macrophages as mentioned before.
For B6 and BMDM, they were grown and cultured in a complete DMEM cell
culture media (DMEM+ 10% fetal bovine serum (FBS) + 1% Penicillin-Streptomycin).
Both B6 and BMDM cells were placed into a 24 well plate (BD Biosciences) with a
concentration of 0.5 x 106 and 0.25 x 106 cells, respectively.
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As for human THP-1 cells, they were maintained in complete RPMI medium
1640 (RPMI + 10% FBS + 1% Penicillin-Streptomycin). For THP-1 cells to differentiate
into macrophages, THP-1 cells were stimulated with PMA (100 nM) for three hours at
37˚C, 5% CO2 until cells adhered to the plates. After that, the adherent cells were
collected and plated at 0.25 x 106 cells per well in 24-well plates in the absence of FBS,
and incubated overnight at 37˚C, 5% CO2.
Enzyme-treated bacteria supernatant.
The bacterial supernatant (either LD, SO, LR or LF) was treated either with
RNase A (5U/mL, Thermo Scientific) or DNase I (5U/mL, Thermo Scientific) or
proteinase K (10 ug/mL, Thermo Scientific) for at least 30 minutes at 37˚C followed by
heat inactivation at 95˚C for 5 minutes. TS, bacteria culture media exposed either with
DNase I, RNAse or proteinase K alone was used as controls. Both enzyme-treated
bacterial supernatants (either LD, SO, LR or LF) and TS bacterial culture media were
stored at -20˚ C until use.
Heat-treated bacteria supernatant.
The bacterial supernatants (either LD, SO, LR or LF) were incubated at 95oC for
5 minutes. TS heat treated was used as a control. After that, both heat deactivated
bacterial supernatants (either LD, SO, LR or LF) and TS were cooled down and stored at
at -20˚ C for future use.
Fractionate of bacteria supernatant by ultracentrifugation.
The bacteria supernatants (either LD, SO, LR or LF) were fractionated into above
10KDa (>10KDa) and less than 10KDa (<10KDa) fractionates by Amicon Ultra
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centrifugal filters (Millipore) at 5000 rpm for 30 minutes. For the control, TS bacterial
culture media was also fractionated into <10KDa and >10KDa fractionates. Both
differential fractionates of bacterial supernatants (either LD, SO, LR or LF) and TS
bacterial culture media were stored at -20oC until use.
Sugar isolation from bacteria supernatants by Chloroform/Phenol extraction.
The bacteria supernatants (either LD, SO, LR or LF) or TS were first treated with
DNase I, RNase A and proteinase K for 30 minutes at 37˚C, followed by heat inactivation
at 95˚C for 5 minutes. After that, an equal volume of phenol: chloroform (1:1) was added
into the treated-bacterial supernatants (either LD, SO, LR or LF) or TS control. The
mixtures were centrifuged at 2,000 rpm for 5 minutes until the organic and aqueous
phases were well-separated. The aqueous phases were pipetted to fresh tubes and stored
at -20oC until use.
Macrophages treated with bacterial supernatants.
The optimal condition for macrophage survival in the presence of the bacterial
supernatants was when the bacterial supernatants (either LD, SO, LR or LF) were
incubated with macrophages overnight in a ratio of 1:2 (v/v) at 37˚C, 5% CO2. The ratio
1:2 (v/v) was used for all in vitro experiments except those are involved in the transwell
system experiments. Cells exposed to media DMEM, TS bacteria culture media or LPS
(50ng/mL) alone were used as controls in the same volume ratio as mentioned above.
After overnight incubation, cell supernatants were collected and the pro-inflammatory
TNF-α, IL-1β, and IL-6 cytokines were measured by ELISA assay. Cellular surfaces
TLR-2 and TLR-4 were characterized by LSRFortessa flow cytometer (BD Biosciences)
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using the conjugated antibodies FitC-conjugated anti-TLR-2 Abs and PE-conjugated -anti
TLR-4 Abs (eBioscience). The data were analyzed by Flowjo software (Treestar).
Suppression of bacteria supernatants on stimulated macrophages.
A. LPS stimulation. <10KDa fractionates or TS culture media were first
incubated overnight with macrophages (either mouse BMDMs or human THP-1 cells) in
a ratio of 1:2 (v/v) at 37˚C, 5% CO2. After overnight incubation, cells were treated with
LPS (50ng/mL) at 37˚C, 5% CO2 for 6 hr. Finally, cell supernatants were collected, and
the pro-inflammatory TNF-α and IL-6 cytokines were measured by ELISA (Fig. 3).

• <10KDa fractionate (1:2 v/v ) or
LPS
• TS<10KDa-DMEM (1:2 v/v ) or
(50ng/mL)
• DMEM only

Overnight
37oC, 5% CO2

6 hr
37oC, 5% CO2

Measurement:
TNF-α and IL-6

• BMDMs or
• THP-1 human cell line
Figure 3: Outline of LPS stimulation on macrophages in vitro. The <10KDa fractionates or TS culture
media were incubated overnight with macrophages (either mouse BMDM or human THP-1 macrophages)
in a ratio of 1:2 (v/v) at 37˚C, 5% CO2. After overnight incubation, cells were treated with LPS (50ng/mL)
at 37˚C, 5% CO2 for 6 hr. Finally, cell supernatants were collected, and the pro-inflammatory TNF-α and
IL-6 cytokines were measured by ELISA. Credit: An Nguyen

B. Mono sodium urate (MSU) crystal stimulation. Macrophages (either mouse
BMDMs or human THP-1 cells) were first primed with LPS (50 ng/mL) overnight at
37˚C, 5% CO2. After that, <10KDa fractionates were incubated with LPS-primed cells in
a volume ratio of 1:2 (v/v) at 37˚C, 5% CO2 for 6 hr. Cells exposed to TS<10KDa culture
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media were used as control in the same volume ratio. After 6 hour incubation, cells
treated with MSU crystals (250 μg/well) were again incubated overnight at 37˚C, 5%
CO2. Finally, cell supernatants were collected and the pro-inflammatory IL-1β cytokine
was measured by ELISA (Fig. 4).

LPS
(50ng/mL)

• <10KDa fractionate (1:2 v/v ) or
• TS<10KDa-DMEM (1:2 v/v ) or
• DMEM only

MSU

(250μg/well)

Overnight

6 hrs

Overnight

37oC, 5% CO2

37oC, 5% CO2

37oC, 5% CO2

Measurement:
IL-1β

• BMDMs or
•THP-1 human cell line
Figure 4: Outline of MSU crystal stimulation on macrophages in vitro. Macrophages (either mouse
BMDMs or human THP-1 cells) were first primed with LPS (50 ng/mL) overnight at 37˚C, 5% CO2. After
that, <10KDa fractionates were incubated with LPS-primed cells in a volume ratio of 1:2 (v/v) at 37˚C, 5%
CO2 for 6 hr. Cells exposed to TS<10KDa culture media were used as control in the same volume ratio.
After 6 hour incubation, cells treated with MSU crystals (250μg/well) were again incubated overnight at
37˚C, 5% CO2. Finally, cell supernatants were collected and the pro-inflammatory IL-1β cytokine was
measured by ELISA. Credit: An Nguyen

In vivo mouse peritonitis model.
Peritonitis induced by the intraperitoneal injection of LPS stimuli has been
described previously [303]. Briefly, 6-week old mice were intraperitoneally injected with
<10KDa fractionate (500 µL/mouse) per day for two consecutive days. Mice
intraperitoneally injected with TS culture media or PBS vehicle were used as controls.
Two days later, all mice were intra-peritoneally injected with LPS (10 μg/mouse) or PBS
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vehicle as control. Four hours later after LPS injection, mice were then sacrificed by
exposure to CO2 and the peritoneal cavities were washed with 5 ml cold PBS. The
recruited polymorphonuclear neutrophils present in the peritoneal lavage fluid were
quantified by flow cytometry using the neutrophil marker Ly6G (BD Bioscience). The
samples were acquired on a FACSCantoflow cytometer (BD Biosciences) and the data
were analyzed using FlowJo software (Treestar) (Fig.5).
•
•
•

LF<10 KDa fractionate or
TS<10KDa or
DMEM
i.p. injection (500 μL/ mouse) per day
for 2 consecutive days

2 days

•
•

LPS stimulation ( 10μg/ mouse)
PBS
i.p. injection

4 hrs

Measurement:
Neutrophils
from peritoneal cavity

Figure 5: Outline of the i.p injection of mouse peritonitis model in vivo. 6-week old mice were
intraperitoneally injected with <10KDa fractionate (500 µL/mouse) per day for two consecutive days. Mice
intraperitoneally injected with TS culture media or PBS vehicle were used as controls. Two days later, all
mice were intra-peritoneally injected with LPS (10 μg/mouse) or PBS vehicle as control. Four hours later
after LPS injection, mice were then sacrificed by exposure to CO2 and the peritoneal cavities were washed
with 5 ml cold PBS. The recruited polymorphonuclear neutrophils present in the peritoneal lavage fluid
were quantified by flow cytometry using the neutrophil marker Ly6G (BD Bioscience). The samples were
acquired on a FACSCantoflow cytometer (BD Biosciences) and the data were analyzed using FlowJo
software (Treestar). Credit: An Nguyens

ELISA.
Paired (capture and detection) antibodies and standard recombinant proteins for
mice and humans of IL-1β, TNF-α and IL-6 (from Biolegend) were used to quantify the
cytokine levels in cell culture supernatants according to the manufacturer’s instructions.
Trans-well experiments.
Twenty four-transwell system plates with collagen-coated insert membranes
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(Corning) were used for this assay. The culture plate inserts consisted of an upper
chamber and bottom chamber. The chambers are separated by a microporous transparent
Biopore membrane (0.4 μm). In this experiment, human differentiated epithelial
colorectal adenocarcinoma CACO-2 cells were required to form an artificial epithelial
layer that mimics the gastrointestinal systems.
Briefly, CACO-2 cells were used to differentiate into epithelial cells for the transwell experiment on the upper chamber while the THP-1 macrophage cells were placed on
the bottom chamber (Fig. 6).

Human CACO-2
epithelial cell line

Human THP-1
macrophage cell line

Collect supernatants at the bottom well
to measure cytokine secretion from
THP-1 cells

Figure 6: Outline of a transwell system. Twenty four-transwell system plates with collagen-coated insert
membranes (Corning) were used for this assay. The culture plate inserts consisted of an upper chamber and
bottom chamber. The chambers are separated by a microporous transparent Biopore membrane (0.4 μm). In
this experiment, human differentiated epithelial CACO-2 cells were required to form an artificial epithelial
layer that mimics the gastrointestinal systems. Briefly, 0.5 x 106 human CACO-2 cells were used to
differentiate into epithelial cells for the trans-well experiment on the upper chamber while 0.25 x 10 6
human THP-1 macrophage cells were placed on the bottom chamber. Credit: An Nguyen
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To form the artificial epithelial layer, 0.5 x 10 CACO-2 cells were seeded in the
6

upper chambers in the presence of complete DMEM media (DMEM+ 10% fetal bovine
serum(FBS) + 1% Penicillin-Streptomycin). CACO-2 cells were grown at least for 2
weeks until they become confluent. Once the CACO-2 became confluent, THP-1 cells
(cultured and maintained as described above) were then placed into the bottom chamber
of the transwell system at a density at 0.25 x 106 cells per well.
A. LPS stimulation. Because the upper chamber of the transwell system could
not hold a large enough volume, in this experiment, the sample test was added into
CACO-2 cells on the upper chamber with a volume ratio of 1:1 (v/v), instead of 1:2 (v/v)
as we previously used. Specifically, the <10KDa bacterial LF was added into the upper
chamber of the transwell system with a volume ratio of 1:1 (v/v). In different wells, LF
whole bacterial supernatant (without fractionate) or >LF 10KDa fractionates were also
added in to the CACO-2 cells on the upper chamber of trans-well in the same volume
ratio of 1:1 (v/v). CACO-2 cells exposed with TS media or DMEM cell culture media
were used as controls. Both samples and controls were incubated overnight at 37˚C, 5%
CO2. After overnight incubation, LPS (50ng/mL) was added to the bottom chambers
which contained THP-1 cells. For control, LPS was also added into the upper chamber.
Finally, the whole trans-well systems were incubated for six hours at 37˚C, 5% CO2. Cell
supernatants at the bottom chamber were collected and the level of TNF-α was measured
by ELISA (Fig. 7).
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Sample at on the top wells:
LF<10KDa (1:1 v/v) or
LF –whole supernatant (1:1 v/v)
or
• LF>10 KDa (1:1 v/v) or
• TS (1:1 v/v) or
• DMEM

Top well: CACO-2 cells
Bottom well: THP-1 cells

•
•

Overnight

No LPS stimulation

37oC, 5% CO2

LPS (top well)

LPS (bottom well)

HCl (top well)
Fit-C dextran (top well)

6 hrs

37oC, 5% CO2

Measure TNF-α, Fit-C dextran in the bottom well
Figure 7: Outline of LPS stimulation on macrophages in transwell system. 0.5 x 106 human CACO-2
cells were used to differentiate into epithelial cells for the trans-well experiment on the upper chamber
while 0.25 x 106 human THP-1 macrophage cells were placed on the bottom chamber. In different wells,
<10KDa fractionates of LF or the whole, unfractionated bacterial supernatant of LF (without fractionate) or
>LF 10KDa fractionates were also added in to the CACO-2 cells on the upper chamber of trans-well in the
same volume ratio of 1:1 (v/v). CACO-2 cells exposed with TS media or DMEM cell culture media were
used as controls. Both samples and controls were incubated overnight at 37˚C, 5% CO 2. After overnight
incubation, LPS (50ng/mL) was added to the bottom chambers which contained THP-1 cells. For control,
LPS was also added into the upper chamber. Finally, the whole trans-well systems were incubated for six
hours at 37˚C, 5% CO2. Cell supernatants at the bottom chamber were collected and the level of TNF-α was
measured by ELISA. To examine the paracellular permeability of CACO-2 epithelial cells, internal control
FitC- dextran (4KDa) was added into the upper chamber simultaneously with the sample tests were added.
A high concentration of hydrochloric acid (HCl) 6.63 mM was added to the upper chamber to disrupt the
tight junctions as a control of the internal control. FitC-dextran, collected from the upper chamber and
bottom chamber, was measured by a fluorescence spectrometer (excitation, 490 nm; emission, 520 nm).
The concentrations of FitC–dextran at the bottom well were obtained from the standard curve of a known,
purified FitC-dextran concentration. To calculate the percentage of FitC-dextran present at the bottom well,
the amount of FitC-dextran at the bottom well was divided by the original amount of FitC-dextran present
at the top well and then multiplied by 100. Credit: An Nguyen
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B. MSU crystal stimulation. LPS (50ng/mL) was first added to the bottom
chamber for THP-1 cell priming for at least an overnight incubation. The next day,
<10KDa bacterial supernatant LF, or the whole bacteria supernatant LF (without
fractionate), or >10KDa fractionate of bacteria supernatant LF were then added to the
upper chamber which contained CACO-2 cells in the volume ratio of 1:1 for six hours at
37˚C, 5% CO2. (As mentioned before, because the upper chamber of the transwell system
could not hold a large enough volume, in this experiment, the sample test was added into
CACO-2 cells on the upper chamber with a volume ratio of 1:1 (v/v)). In different wells,
CACO-2 cells on the upper chamber exposed with TS bacteria culture media or cell
culture media DMEM were used as controls. After 6 hour incubation, MSU crystals
(250µg/well) were added directly to CACO-2 cells at the bottom chamber and the whole
trans-well systems were then incubated overnight at 37˚C, 5% CO2. After overnight
incubation, cell supernatants at the bottom chamber were collected, and the levels of IL1β were measured by ELISA (Fig. 8).
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Sample at on the top wells:
LF<10KDa (1:1 v/v) or
LF –whole supernatant (1:1 v/v)
or
• LF>10 KDa (1:1 v/v) or
• TS (1:1 v/v) or
• DMEM

Top well: CACO-2 cells
Bottom well: THP-1 cells

•
•

Overnight

LPS (top well)

No LPS priming
37oC, 5% CO2
Overnight

37oC, 5% CO2

37oC, 5% CO2
Overnight

37oC, 5% CO2
Overnight

LPS (bottom well)
37oC, 5% CO2 Overnight

MSU stimulation
(bottom well)
37oC, 5% CO2 6 hrs

Fit-C dextran (top well)

Overnight
37oC, 5% CO2
Measure IL-1β, Fit-C dextran in the bottom well
Figure 8: Outline of LPS stimulation on macrophages in transwell system. 0.5 x 106 human CACO-2
cells were used to differentiate into epithelial cells for the trans-well experiment on the upper chamber
while 0.25 x 106 human THP-1 macrophage cells were placed on the bottom chamber. LPS (50ng/mL) was
first added to the bottom chamber for THP-1 cell priming for at least an overnight incubation. The next day,
<10KDa bacterial supernatant LF, or the whole bacteria supernatant LF (without fractionate), or >10KDa
fractionate of bacteria supernatant LF were then added to the upper chamber which contained CACO-2
cells in the volume ratio of 1:1 for six hours at 37˚C, 5% CO 2. In different wells, CACO-2 cells on the
upper chamber exposed with TS bacteria culture media or cell culture media DMEM were used as controls.
After 6 hour incubation, MSU crystals (250 μg /well) were added directly to CACO-2 cells at the bottom
chamber and the whole trans-well systems were then incubated overnight at 37˚C, 5% CO2. After overnight
incubation, cell supernatants at the bottom chamber were collected, and the levels of IL-1β were measured
by ELISA. To examine the paracellular permeability of CACO-2 epithelial cells, internal control FitCdextran (4KDa) was added into the upper chamber simultaneously with the sample tests were added. A high
concentration of hydrochloric acid (HCl) 6.63 mM was added to the upper chamber to disrupt the tight
junctions as a control of the internal control. FitC-dextran, collected from the upper chamber and bottom
chamber, was measured by a fluorescence spectrometer (excitation, 490 nm; emission, 520 nm). The
concentrations of FitC–dextran at the bottom well were obtained from the standard curve of a known,
purified FitC-dextran concentration. To calculate the percentage of FitC-dextran present at the bottom well,
the amount of FitC-dextran at the bottom well was divided by the original amount of FitC-dextran present
at the top well and then multiplied by 100. Credit: An Nguyen
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C. Assessment of epithelial permeability. An internal control was required to
ensure that the bacteria supernatant does not alternate tight junctions between epithelial
cells or promote inter-cellular transport. For internal control, 0.5 mg/mL FitC- dextran
(4KDa) was used to examine the paracellular permeability of CACO-2 epithelial cells
because FitC- dextran is hydrophilic and can diffuse between narrow intercellular spaces.
FitC- dextran (4KDa) was added into the upper chamber simultaneously with the sample
tests were added (Fig. 7, and 8). For control, 6.63 mM HCl was added to the upper
chamber to disrupt the tight junctions (Fig. 7, and 8). FitC-dextran, collected from the
bottom chamber, was measured by a fluorescence spectrometer (excitation, 490 nm;
emission, 520 nm). The concentrations of FitC–dextran at the bottom well were obtained
from the standard curve of a known, purified FitC-dextran concentration. To calculate the
percentage of FitC-dextran present at the bottom well, the amount of FitC-dextran at the
bottom well was divided by the original amount of FitC-dextran present at the top well
and then multiplied by 100.
Lactate dehydrogenase (LDH) cytotoxicity measurement.
The LDH citotoxicity kits were purchased from Roche. The cell supernatants
after overnight incubation with the <10KDa fractionates of bacterial supernatants were
collected and the cytotoxicity assay was measured according to the Roche’s instruction.
Statistical analyses.
All data are shown as mean ± s.d. Statistical analysis was performed using a twotailed Student’s t-test for all studies. For all tests, p-values less than 0.05 were considered
statistically significant.

CHAPTER THREE
RESULTS
Preliminary studies of bacterial supernatants on macrophage surface markers and
pro-inflammatory cytokine secretion from macrophages.
It was unknown whether microbial products secreted from the commensal
bacteria had any effects on the characteristics and functions of macrophages. We
hypothesized that the secreted microbial products/ metabolites of the commensal bacteria
had a suppressive function on macrophage activation. The question on whether secreted
products of commensal bacteria present in the bacterial culture supernatants might
suppress the level of TLR-2/TLR-4 markers on macrophages as well as their abilities to
inhibit TNF-α and IL-6 secretions had not yet been addressed.
In our study, we used four different commensal bacteria that were isolated from
the human GI tract. Those were Lactobacillus delbrueckii (LD), Lactobacillus fermentum
(LF), Lactobacillus rhamnosus (LR), and Streptococcus oralis (SO). The genus
Lactobacillus is represented by a large number of commensal bacteria species that inhabit
the mammalian GI tract [312,313]. They can be found in the intestines of various
mammals, including mice, horses, non-human primates, and humans and have been used
as probiotic agents for the treatment of IBD and colitis [312-316]. In both mice and
humans, Lactobacillus species form stable microbiota populations in the intestinal tract,
especially in the intestines where they adhere to host epithelial cells [317-318].
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We first treated macrophages with bacterial supernatants (LD/SO/LR/LF) or with
bacterial culture media TS or with macrophage cell culture media DMEM overnight.
After overnight treatment, we determined the levels of TLR-2/TLR-4 present on
macrophage surfaces as well as the level of TNF-α and IL-6 present in the collected cell
supernatant. Our preliminary data found that after macrophages had been directly treated
with each bacterial supernatant (LD/SO/LR/LF), macrophages appeared to express a
significant level of TLR-2 surface markers as well as TNF-α and IL-6 cytokine secretions
compared to those that were treated with bacterial culture medium TS alone or with cell
culture DMEM alone (data not shown). However, we did not detect any TLR-4 surface
markers (data not shown). Since there were possibly many components present in the
bacterial supernatants ( including DNA, RNA, protein, carabonhydrate, lipid/fatty acids)
that could be responsible for this induction of inflammatory cytokines (TNF-α, IL-6) as
well as TLR-2 upregulation on macrophages, we next determined which components
were responsible for the cytokine secretions of macrophages. We first determined which
components (either DNA/RNA/protein) present in the bacterial supernatants may
contribute to the high secretion of TNF- α and IL-6 from macrophages. We treated our
bacterial supernatnats (either LD/SO/LR/LF) with enzymes (either with Dnase, RNase or
proteinase) for 30 minutes followed by 5 minutes- heat deactivation. Enzyme –treated
bacterial supernatants (LD/SO/LR/LF) or enzyme treated-TS were then cultured together
with macrophages overnight and cell supernatants were collected to measure TNF-α
cytokines. Our data indicated that there was no significant difference in the level of
TNF-α secretion from macrophages after exposure to either enzyme-treated
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(Dnase/RNase/proteinase) bacterial supernatants or untreated-bacterial supernatants.
Similarly, enzyme-treated TS did not alter the level of TNF-α secretion from
macrophages compared to those cells that were treated with untreated TS (Fig. 9). This
indicated that the secreted products present in the supernatants of commensal bacteria
that were responsible for the secretion of TNF-α were not DNA, RNA or protein.

Figure 9: TNF-α secretion from BMDM macrophages after cells are incubated with enzyme-treated
bacteria supernatants. The bacterial supernatant (either LD, SO, LR or LF) was treated either with
RNase A (5U/mL, Thermo Scientific) or DNase I (5U/mL, Thermo Scientific) or proteinase K (10 ug/mL,
Thermo Scientific) for at least 30 minutes at 37˚C followed by heat inactivation at 95˚C for 5 minutes. TS,
bacteria culture media exposed either with DNase I, RNAse or proteinase K alone was used as controls.
The enzyme treated- bacterial supernatants were incubated overnight with 0.25 x 106 BMDMs in the
volume ratio of 1:2 (v/v) for overnight. Cells exposed with enzyme-treated TS bacteria culture media, or
DMEM or LPS (50ng/mL) were used as controls in the same volume ratio. Finally, cell supernatants were
collected, and the TNF-α secretion was measured by ELISA. Data are representative of at least three
independent experiments and are shown as mean ± s.d.
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To confirm that the unchanged level of TNF-α secreted from macrophages after
an overnight incubation either with enzyme-treated bacterial supernatants or untreated
bacterial supernatant was not due to the heat deactivation after enzyme treatment, we
heat-treated the bacterial supernatant (either with LD/SO/LR/LF) or with bacterial
culture media,TS. Macrophages were then either treated with heat-treated bacterial
supernatant (LD/SO/LR/LF) or heat-treated bacterial culture media, TS, or untreated
bacterial supernatant (LD/SO/LR/LF) or untreated-bacterial culture media TS for
overnight incubation. As a result, there was no significant difference of TNF-α secreted
from macrophages after treatment with either heat-treated or untreated-bacterial
supernatants (LD/ SO/LR or LF). Since DNA, RNA or proteins were not responsible for
the induction of TNF-α from macrophages, we next determined if the sugar
groups/carbonhydrates present in bacterial supernatants were responsible for the secretion
of TNF-α from macrophages. Normally, sugar groups/carbonhydrates have a polar
characteristic and they can dissolve in aqueous phase. We employed phenol/chloroform
treatment to collect the sugar groups/ carbonhydrates from aqueous phase after we
completely removed DNA, RNA, proteins in our bacterial supernatants. We first treated
bacteria supernatants (either LD, SO, LR or LF) or bacterial culture mediaTS with DNase
I, RNase A and proteinase K for 30 minutes at 37˚C, followed by heat inactivation at
95˚C for 5 minutes. After that, an equal volume of phenol: chloroform (1:1) was added
into the treated-bacterial supernatants (either LD, SO, LR or LF) or TS control. The
mixtures were centrifuged at 2,000 rpm for 5 minutes until the organic and aqueous
phases were well-separated. The aqueous phases were pipetted to fresh tubes and treated
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with our macrophages. As a result, phenol-chloroform treatment did not alter the level of
TNF-α secretion from macrophages (data not shown). We then realized that the structures
of the microbial metabolites are far more complex since not all polysaccharides are polar
and possibly they may conjugate with the fatty acid groups to form a complex structure.
This led us to believe that it is possible that different molecular weights of the microbial
products may contribute to the different level of TNF-α secretion. We next determined if
different molecular weights of bacterial products may be responsible for the different
level of TNF-α secreted from macrophages. We first separated our bacterial supernatants
(LD/SO/LR/LF) or bacterial culture media TS into different fractionates: less than
10KDa fractionates (<10KDa fractionates) and greater than 10KDa fractionates (>10KDa
fractionates). We then treated <10KDa fractionates, or the whole, un-fractionated or
>10KDa fractionates of bacterial supernatants (either LD/SO/LR/LF) or different
fractionates of bacterial culture media TS (either <10KDa fractionates, or the whole
unfraction, >10KDa fractionates) with macrophages for an overnight incubation. The
overnight cell culture supernantants were then collected to measure TNF-α by ELISA.
Interestingly, we found that there were significantly different levels of TNF-α secretion
from macrophages (Fig. 10). Specifically, when we treated macrophages with>10KDa
fractionates of the bacterial supernatants (either LD, SO, LR, or LF), the level of TNF-α
secretions were above 50 (pg/mL) (yellow columns). However, the levels of TNF-α were
significantly reduced by more than half (~ 20 pg/mL) when cells were treated with the
whole, un-fractionated bacterial supernatants that contained both <10KDa fractionates
and >10KDa fractionates (green columns) of the bacterial supernatants (either LD, SO,
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LR or LF) (Fig. 10). Cells that were treated with <10KDa bacterial fractionates
(LD/SO/LR/LF) had significantly lower profiles of TNF-α compared to those cells that
were treated with the whole, untreated bacterial supernatants (LD/SO/LR/LF).
Furthermore, cells that were exposed to different fractionates of TS bacterial culture
media or DMEM as controls had no change on the levels of the TNF-α secretion with a
relatively low TNF-α level (<10 pg/mL).
We observed that macrophages treated with >10KDa fractionates secreted a
higher level of TNF-α. The high profile of TNF-α was significantly diminished when
macrophages were treated with the whole, un-fractionated bacterial supernatants which
contained both >10KDa fractionates and <10KDa fractionates. This indicated that the
additional presence of <10KDa fractionates in the whole, un-fractionated bacterial
supernatants (either LD/SO/LR/or LF) caused a reduction of TNF-α secreted from
macrophages. We hypothesized that <10KDa fractionates had a suppressive effect on the
macrophage response while the >10KDa fractionates had an inductive role in promoting
macrophage activation. We then focused on the role of <10KDa fractionates on
macrophage function. We hypothesized that the <10KDa could suppress macrophage
activation upon the stimulation of TLR or NLRP3 agonists on macrophages.
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Figure 10: TNF-α secretion from BMDM macrophages after cells are treated with different bacterial
fractionates: >10KDa, <10KDa and whole. The bacteria supernatants (either LD, SO, LR or LF) were
fractionated into above 10KDa (>10KDa) and less than 10KDa (<10KDa) fractionates by Amicon Ultra
centrifugal filters (Millipore) at 5000 rpm for 30 minutes. For the control, TS bacterial culture media was
also fractionated into <10KDa and >10KDa fractionates. Different fractionates of the bacterial supernatants
(either LD, SO, LR or LF) were incubated overnight with 0.25 x 106 BMDMs in the volume ratio of 1:2
(v/v). Cells exposed to different fractionates (>10KDa, <10KDa, or whole) of TS bacterial cell culture
media, DMEM cell culture media, or LPS (50ng/mL) were used as controls in the same volume ratio. After
overnight incubation, cell supernatants were collected, and the TNF-α secretion was measured by ELISA.
Data are representative of at least three independent experiments and are shown as mean ± s.d. Statistically
significant differences were determined by the standard Student’s t-test, * p<0.05.

The effects of <10KDa fractionates on macrophage activation in vitro.
Our preliminary data showed that different molecular weights of microbial
products may contribute to the secretion of TNF-α level (Fig. 10). Particularly,
macrophages treated with >10KDa fractionates of bacterial supernatants (LD/SO/LR/LF)
had significantly higher levels of TNF-α compared to those that were treated with the
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whole, unfractionated bacterial supernatants (LD/SO/LR/LF). This suggested that the
presence of <10KDa fractionates in the whole, unfractionated bacterial supernatants
potentially reduced the level TNF-α induced by >10KDa fractionates and that the
<10KDa fractionates of bacterial supernatants may have a suppressive function on
macrophage activation. To determine if <10KDa fractionates of bacterial supernatants
can actually have a suppressive function, we first wanted to determine if <10KDa
fractionates could suppress macrophage activation in vitro upon the presence of
stimulation.Two different agonists for macrophage activation were used: LPS and MSU
crystals.
Macrophages can become activated upon one of these two scenerios: 1) TLR
pathway via LPS stimulation, or 2) inflammasome NLPR3 pathway via monosodium
urate (MSU) crystal stimulation. Upon activation, depending on the pathways,
macrophages then secrete inflammatory cytokines that elicit host inflammatory response.
Here, we tested both scenarios of macrophage activation upon treated with <10KDa
fractionates.
A. LPS stimulation. We first studied the effects of <10KDa fractionates on
macrophage activation by LPS. Previous studies had shown that macrophages treated
with LPS stimuli secrete TNF-α and IL-6 pro-inflammatory cytokines [304]. To
determine whether <10KDa fractionates of bacterial supernatants could suppress
macrophage activation upon LPS stimulation, we first pre-treated macrophages (250,000
cells per well) in vitro with <10 KDa fractionates of bacterial supernatants (either LD,
SO, LR, or LF) or with bacterial culture media (TS<10KDa) or cell culture media
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(DMEM) overnight. (Note: we used both murine macrophages, BMDMs and human
macrophages, THP-1 for this experiment). The reason that we pre-treated the <10KDa
bacterial supernatants instead of a combination of <10KDa bacterial supernatants and
LPS stimuli at the same time is due to the presence of the intestinal epithelial layer in the
GI tract. The layer of epithelium prevents direct interaction of immune cells in the lamina
propria from live bacteria or antigenic stimuli present in the gut lumen [154-175]. Only
small molecules such as food antigens, carbohydrates e.g. glucose, ions or vitamins are
small enough to pass between intestinal epithelial cells into the blood vessels [154]. We
assumed that only small secreted products of commensal bacteria could be able to enter
into the lamina propria in the same manner. Another possible route for the transport of
molecules or live bacteria into the lamina propria is through the extending of the transepithelial dendrites (TED) of the intestinal macrophages. However, ir is unlikely to
happen because only small groups of intestinal macrophages which express CX3CR1 can
promote transepithelial uptake from the lumen [318], and these cells may mainly function
as a transporter of antigenic stimuli or live bacteria from gut lumen to the neighboring
DCs for the T-cell priming process [266-267]. Yet, it is unknown whether TEDs are
involved in the process to uptake molecules or antigenic stimuli from gut lumen into
lamina propria.
Here we pre-treated macrophages with the <10KDa fractionates of the bacterial
supernatants. After overnight incubation of macrophages either with <10 KDa
fractionates of bacterial supernatants (either LD, SO, LR, or LF) or TS<10KDa or
DMEM overnight, macrophages are stimulated with LPS for 6 hours. After 6 hours,
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TNF-α and IL-6 secretion were measured by ELISA and compared to one another (Fig.
3). If <10KDa fractionates of bacterial supernatants were capable of suppressing
macrophage activation upon LPS stimulation, then we expected macrophages after
treatment with <10KDa fractionates (either LD/SO/LR/LF) to have a significantly
reduced level of TNF-α as well as IL-6 cytokines.
As predicted, we found that macrophages pre-treated with <10KDa of bacterial
supernatants (either LD, SO, LR or LF) resulted in a significant decrease in the secretion
of TNF-α as well as IL-6 from macrophages. Specifically, upon LPS stimulation, bone
marrow-derived macrophages (BMDMs) treated with < 10KDa fractionates of bacterial
supernatants (either LD, SO, LR, or LF) exhibited, on average, a 4-fold decrease in TNFα and 3-fold decrease IL-6 secretion, respectively, relative to the cytokine secretion of
BMDM cells pre-treated with TS alone or DMEM alone (Fig. 11a, and 11b). A similar
result was also observed with the human macrophage line, THP-1. Normally, upon LPS
stimulation, THP-1 cells typically produce TNF- α, yet they do not produce IL-6 cytokine
[305]. In a similar experiment, we also treated THP-1 cells with the <10KDa fractionates
before LPS stimulation and then measured TNF-α secretion. Similar to BMDM cells, we
found that upon LPS stimulation, THP-1 cells that were pre-treated with <10KDa
fractionates of bacterial supernatants (either LD, SO, LR, or LF) exhibited, on average, a
3-fold decreasein TNF- α compared to the cytokine secretion of THP-1cells pre-treated
with TS or DMEM alone (Fig. 12)
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a. TNF-α secretion

b. IL-6 secretion

Figure 11: The effects of <10KDa fractionates on murine BMDM upon LPS stimulation in vitro.
The <10KDa fractionates were incubated overnight with mouse BMDMs in a volume ratio of 1:2 (v/v) at
37˚C, 5% CO2.BMDMs exposed to TS<10KDa or DMEM were used as controls in the same volume ratio.
After overnight incubation, cells were treated with LPS (50ng/mL) at 37˚C, 5% CO2 for 6 hr. Finally, cell
supernatants were collected, and the pro-inflammatory TNF-α and IL-6 cytokines were measured by
ELISA. Data are representative of at least three independent experiments and are shown as mean ± s.d.
Statistically significant differences were determined by the standard Student’s t-test, * p<0.05.
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TNF-α secretion

Figure 12: The effects of <10KDa fractionates on TNF-α secreted byTHP-1 macrophages upon LPS
stimulation in vitro. The <10KDa fractionates were incubated overnight with human THP-1 cells in a
volume ratio of 1:2 (v/v) at 37˚C, 5% CO2. THP-1 cells exposed to TS<10KDa or DMEM were used as
controls in the same volume ratio. After overnight incubation, cells were stimulated with LPS (50ng/mL) at
37˚C, 5% CO2 for 6 hr. Finally, cell supernatants were collected, TNF-α and IL-6 cytokines were measured
by ELISA. Data are representative of at least three independent experiments and are shown as mean ± s.d.
Statistically significant differences were determined by the standard Student’s t-test, * p<0.05.

B. MSU crystal stimulation. As mentioned before, there are two distinct pathways for
macrophage activation. The first one is through the TLR signaling upon LPS stimulation,
and the second one is throught the inflammasome NLPR3 pathway in the presence of
monosodium urate (MSU) crystal stimulation. Since our previous experiences showed
that our <10KDa fractionates can suppress both mouse and human macrophages upon
LPS stimuli, we next determined if our <10KDa fractionates of bacterial supernatants
(either LD/SO/LR/LF) can suppress macrophage activation upon MSU crystal stimuli.
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When macrophages become activated via inflammasome NLRP3 pathway upon
MSU ctystal stimulation, the cells then secrete pro-inflammatory IL-1β cytokines which
act as an important mediator for the host inflammatory responses. There is a “two-step”
process that is necessary for NLRP3 inflammasome-mediated IL-1β release from
macrophages. The first step requires NF-κB activation to induce synthesis of pro-IL-1β.
Pro-IL-1 β then requires the mature form of caspase-1 to cleave into IL-1β. For caspase-1
activation, it requires a second signaling that involves assembly of a large cytosolic
protein complex, termed inflammasomes [306-307]. Previous studies have shown that
mono sodiumurate (MSU) crystal is one of the stimuli that can provide the second
signaling to induce the mature form of caspase-1 while LPS-primed macrophages
promote the induction of pro-IL-1β.
To determine whether <10KDa fractionates can suppress macrophage activation
upon MSU crystal stimulation, we first primed our macrophages either murine BMDMs
macrophages or human THP-1 macrophages (250,000 cells per well) with LPS
(50ng/mL) overnight. After that, cells then treated with <10KDa fractionates of bacteria
supernatant (either LD, SO, LR or LF) or with TS<10KDa or with DMEM for at least 6
hours. After 6 hours, MSU crystals were added directly to the cells and stimulated
overnight. The next day, cell culture supernatants were collected, and IL-1βs from
macrophages were measured by ELISA and compared to one another (Fig. 4). If <10KDa
fractionates of bacterial supernatants were capable of suppressing LPS-primed
macrophage activation upon MSU crystal stimulation, then we expected LPS-primed
macrophages to have a significantly reduced level of IL-1β.
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The data show that without MSU crystal stimuli, the levels of IL-1β were very
low (< 50 pg/mL) when macrophages are primed with or without LPS (Fig.13). However,
in the presence of MSU crystal stimulation, the level of IL-1β secretion from LPS-primed
macrophages was significantly increased, especially when cells were pre-treated either
with DMEM or TS<20KDa. Interestingly, when LPS-primed macrophages were pretreated with <10KDa fractionates of bacterial supernatants (either LD, SO, LR or LF)
prior to MSU crystal stimulation, the levels of IL-1βs from LPS-primed BMDMs were
significantly reduced compared to those LPS-primed BMDM cells that were pre-treated
either with TS<10KDa fractionates or DMEM alone (Fig. 13). Consistently, a similar
result was also observed from THP-1 human macrophages (Fig. 14). Upon MSU crystal
stimulation, LPS-primed THP-1 cells that had been pre-treated with <10KDa fractionates
of bacterial supernatnats (either LD/SO/LR/or LF) appeared to have a significantly
lowered level of IL-1β compared to those that were pre-treated either with TS <10KDa or
cell culture media alone, DMEM. (Fig. 14)
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IL-1β secretion

Figure 13: The effects of <10KDa fractionates on IL-1β secreted by murine BMDM upon MSU
crystal stimulation in vitro. 0.25 x 106 murine BMDMs were first primed with LPS (50 ng/mL) overnight
at 37˚C, 5% CO2. After overnight incubation, the <10KDa fractionates were incubated with LPS-primed
BMDMs in a volume ratio of 1:2 (v/v) at 37˚C, 5% CO2 for 6 hrs. LPS-primed BMDMs exposed to
TS<10KDa or DMEM were used as controls in the same volume ratio. After 6-hour incubation, LPSprimed BMDMs were stimulated with MSU crystals (250 μg /well) overnight. Finally, cell supernatants
were collected and the pro-inflammatory IL-1β cytokine was measured by ELISA Data are representative
of at least three independent experiments and are shown as mean ± s.d. Statistically significant differences
were determined by the standard Student’s t-test, * p<0.05, **p<0.01.
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Figure 14: The effects of <10KDa Fractionates on IL-1β secreted by human THP-1 macrophages
upon MSU crystal stimulation in vitro. 0.25 x 106 human THP-1 cells were first primed with LPS (50
ng/mL) overnight at 37˚C, 5% CO2. After overnight incubation, the <10KDa fractionates were incubated
with LPS-primed THP-1s in a volume ratio of 1:2 (v/v) at 37˚C, 5% CO2 for 6 hrs. LPS-primed THP-1 cells
exposed to TS<10KDa or DMEM were used as controls in the same volume ratio. After 6-hour incubation,
LPS-primed THP-1s were stimulated with MSU crystals (250 μg /well) overnight. Finally, cell supernatants
were collected and the pro-inflammatory IL-1β cytokine was measured by ELISA. Data are representative
of at least three independent experiments and are shown as mean ± s.d. Statistically significant differences
were determined by the standard Student’s t-test, * p<0.05.

The effects of <10KDa fractionates on mouse peritonitis model in vivo.
Previous experiments showed that <10KDa fractionates of bacterial supernatants
(either LD/SO/LR/ or LF) can suppress TNF-α, IL-6 secretion (Fig. 11&12) or IL-1β
(Fig.13 & 14) from macrophages upon LPS stimulation or IL-1β MSU crystal
stimulation, respectively, compared to those that were-pretreated with TS<10KDa
fractionates or with DMEM. To ensure the suppression of <10KDa fractionates of
bacterial supernatants ( either LD/SO/LR/LF) did not promote cell death, we next
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determined the lactate dehydrogenase (LDH) levels present in the cell supernatants after
cells were treated with <10KDa fractionates of bacterial supernatant (either with
LD/SO/LR/LF). We employed the LDH assay to measure the cellular cytotoxiciy after
our macrophages were treated with <10KDa fractionates of bacterial supernanats (either
LD/SO/LR/LF). We treated macrophages with <10KDa fractionates of bacterial
supernatants (either LD/SO/LR/or LF) or with bacterial culture media, TS<10KDa
fractionates, or with cell culture media, DMEM overnight. After that, the supernatants of
cell culture were collected and the percentage of cytotoxicity was measured (according to
Roche’s manual). Macrophages treated with the <10KDa bacterial fractionates or
TS<10KDa fractionates did not significantly promote cellular cytotoxicity (Fig. 15). This
indicated that the suppression of <10KDa fractionates of bacterial supernatnats (either
LD/SO/LR or LF) on macrophages was not due to cell death.

65

Figure 15: Macrophage viabilities after treatment with the <10KDa fractionates. The <10KDa
fractionates were incubated overnight with 0.25 x 106 mouse BMDMs in a volume ratio of 1:2 (v/v) at
37˚C, 5% CO2. BMDMs exposed to TS<10KDa or DMEM or LPS (50ng/mL) were used as controls in the
same volume ratio. After overnight incubation, cell supernatants were collected and the percentage (%) of
cytotoxicity was measured according to the Roche’s manual. Data are representative of at least three
independent experiments and are shown as mean ± s.d.

Since <10Da fractionates were capable to suppress macrophage activation upon
LPS stimulation or MSU crystal stimulation in vitro (Fig. 11-12, Fig,13-14, respectively)
and this suppression did not promote cellular cytotoxicity (Fig.15), we further validated
the suppressive role of <10KDa fractionates in vivo upon LPS stimulation. Specifically,
we wanted to determine whether <10KDa fractionates of bacterial supernatant can
suppress neutrophil recruitment to the peritoneal cavity after intraperitoneal injections of
LPS stimuli in the mouse peritonitis model.
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In humans and other mammals, the peritoneal cavity is a large, hollow space
within the body. The lining of the peritoneal cavity is known as peritoneum which is
formed by a single layer of mesothelial cells. The structure of the peritoneum is
supported by a very thin layer of connective tissues as well as lymphatic vessels [319].
The function of the peritoneum is to give support to the abdominal organs, absorp the
peritoneal fluid, and prevent significant cell leakage if the GI tract is damaged [320-321].
Furthermore, the peritoneum plays as a key role in a local defence against pathogenic
invasion. The defense mechanisms of the peritoneum rely on the activation of the local
immune cell population as well the recruitment of circulating immune cells [322-323].
Specifically, resident macrophages control the early stage of neutrophil recruitment
during tissue inflammation or pathogenic invasion. Following LPS stimulation, peritoneal
macrophages become activated and secrete neutrohpil chemoattractants CXCL1/CXCL2 to
recruit neutrophils at the site of inflammation [324-326]. Depletion of macrophages in mice
impairs LPS-induced neutrophil extravasation. Here we determined whether the <10KDa
fractionates of bacterial supernatant LF can suppress macrophage activation in vivo upon LPS
stimulation. If this were true, we would expect mice that were pre-treated with LF<10KDa
fractionates to have a significantly reduced number of neutrophils collected from the mouse
peritoneal cavity upon LPS stimulation.
We first intra-peritoneally injected <10KDa fractionates of bacterial supernatant
(in this case, LF) or with bacterial culture media TS or PBS vehicle into mice at a volume
of 500 μL in two consecutive days (500 uL per day). Two days later, we intraperitoneally injected LPS stimuli or PBS into mice for 4 hours. After 4 hours, mice were
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sacrificed by exposure to CO2 and the peritoneal cavities were washed with 5ml cold
PBS. The recruited neutrophils present in the peritoneal lavage fluid were quantified by
flow cytometry using neutrophil marker Ly6G (Fig. 5). The average numbers of
peritoneal cells and the numbers of neutrophils collected are shown in Table 1. If the
LF<10KDa fractionates were able to suppress macrophages in vivo upon LPS
stimulation, then we expected that mice that were pre-treated with LF<10KDa
fractionates to have a significantly lower number of collected neutrophils compared to
those that were pre-treated with TS or PBS vehicle after intra-peritoneal LPS treatment.
As predicted, we found that in the presence of LPS stimuli, both PBS- and
TS<10KDa-pre-treated mice exhibited a high numbers of neutrophils present in the
peritoneal lavage fluid. However, in mice that were pre-treated LF <10KDa fractionates,
the number of neutrophils was significantly reduced compared to mice that were pretreated either with TS bacterial culture media or with PBS vehicle upon LPS stimuli (Fig.
16 & Fig.17)
Table 1: The number of peritoneal cells and neutrophils collected from 5mL PBS cold wash collected
from LPS-induced peritonitis mouse model. Data are shown as mean ± s.d. and the data are
representative of at least two independent experiments with 3 mice per group.
Pre-treatment

Stimulation

# peritoneal cells

# neutrophils

PBS

2.78 x 106

8.96 x 104 ± 1.24 x 105

LPS

3.89 x 106

1.91 x 106± 2.46 x 105

PBS

1.33 x 106

8.96 x 103± 1.36 x 103

LPS

6.94 x 106

2.15 x 106± 2.43 x 105

PBS

3.41 x 106

6.07 x 104± 6.10 x 104

LPS

2.11 x 106

2.63 x 105 ± 1.28 x 105

PBS

TS<10 KDa

LF<10 KDa
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Figure 16: The effects of <10KDa fractionates on mouse peritonitis model upon LPS stimulation in
vivo. 6-week old mice were intraperitoneally injected either with <10KDa fractionate (500 µL/mouse) for
two consecutive days. Mice intraperitoneally injected with TS culture media or PBS vehicle were used as
controls. Two days later, all mice were intra-peritoneally injected with LPS (10 μg/mouse) or PBS vehicle
as control. Four hours later after LPS injection, mice were then sacrificed by exposure to CO 2 and the
peritoneal cavities were washed with 5 ml cold PBS. The recruited polymorphonuclear neutrophils present
in the peritoneal lavage fluid from 5 mL cold PBS wash were quantified by flow cytometry using the
neutrophil markers Ly6G (BD Bioscience). The samples were acquired on a FACSCantoflow cytometer
(BD Biosciences) and the data were analyzed using FlowJo software (Treestar). Data are representative of
at least two independent experiments with 3 mice per group and are shown as mean ± s.d. Statistically
significant differences were determined by the standard Student’s t-test, * p<0.05.
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A. TS<10KDa → PBS

C. LF<10KDa → PBS
Ly6G hi

Ly6G hi

B. TS<10KDa → LPS

D. LF<10KDa → LPS

Ly6G hi

Ly6G hi

Figure 17: FACS representation of peritoneal cells in mouse peritonis model. These are representations
of FACS gating of cells collected from peritoneal cavity. Panels (A) and (B) are mice that were first pretreated with TS<10KDa while panels (C) and (D) are mice that were pre-treated with LF<10KDa
fractionates for two consecutive days. Two days later, mice were stimulated either with LPS (10μg per
mouse) or PBS vehicle for 4 hours. After that, peritoneal cells were harvested. The collected peritoneal
cells wer blocked with Fc bloking antibody and then stained with neutrophil marker FitC-anti mouse Ly6G.
Histograms of FACS staining for Ly6G are shown in panel A-D. Mouse neutrophils were quantified by
FACS based on high expression of Ly6G neutrophil marker which was indicated in each panel.

The effects of <10KDa fractionates on macrophage activation in transwell system.
From previous experiments, although <10KDa fractionates of commensal bacteria
supernatants (LD/SO/LR/LF) were able to suppress TNF-α, IL-6 secretion or IL-1β from
macrophages upon LPS or MSU crystal stimulation respectively in vitro and inhibited
neutrophil recruitment into peritoneal cavity upon LPS stimulation in vivo, it was
impossible to conclude that <10KDa fractionates could actually suppress macrophage
activation in the gastrointestinal system due to the complex structure of GI tract. In the
gut, commensal bacteria are present in the gut lumen, which is separated from intestinal
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macrophages by the complex layer of intestinal epithelium. The presence of intestinal
epithelial layer prevents the direct interaction of commensal bacteria with intestinal
macrophages. We did not know whether <10KDa fractionates were small enough to
directly pass between intestinal epithelial cells to enter into the lamina propria where they
directly interact with macrophages. Another possible scenario might be that <10KDa
fractionates could directly intereact with the intestinal epithelium and promote the
intestinal epithelium to secrete other cytokines that may provide signaling to regulate
macrophage activation. Lastly, the trans-epithelial dendrites (TED) of macrophages
accross the intestinal epithelial cells may gain direct access for both antigenic stimuli and
the <10KDa secreted molecules from commensal bacteria into the lamina propria.
However, not all intestinal macrophages possess the TED function. Only small groups of
intestinal macrophages that express CX3CR1 [318] can promote transepithelial uptake
from the lumen, and these cells may mainly function as a transporter of antigenic stimuli
or live bacteria from gut lumen to the neighboring DCs for the T-cell priming process
[266-267]. The extending of TED has been shown to be involved in both TLRdependence and indepdence on intestinal epithelial cells [267]. However, it remains
unclear what functional significance TED plays in the GI physiology, and how different
molecular weights of commensal products have an impact on TED’s function. Overall, it
was unknown whether <10KDa fractionates can actually suppress macrophage activation
in the presence of epithelial cells. Here, we wanted to determine if the <10KDa
fractionates can suppress macrophages in the presence of epithelial layer.
In this experiment, we employed the transwell system which mimics the

71
gastrointestinal system [328-329]. The transwell system consists of two chambers: upper
chamber and bottom chamber. We then used differented CACO-2 human cells to generate
an artificial epithelial layer that were present in the upper chamber of the transwell
system. The bottom chamber of the transwell system represented the lamina propria
where we used differented THP-1 cells to generate macrophage populations. Specifically,
in transwell system, the upper chambers contained differentiated CACO-2 cells (250, 000
cells per well), and the bottom chambers contained THP-1 cells (250,000 cells per well)
(Fig.6). We then placed bacterial supernatants on the upper chamber that were directly
incubated with differentiated CACO-2 epithelial cells and determined whether the
treatment of different bacterial supernatnats (either <10KDa fractionates, unfractionates,
or >10KDa fractionates) could suppress macrophages activation upon stimulation. We
hypothesized that both <10KDa fractionates or the whole, unfractionated bacterial
supernatants (in this case, LF) on the upper chamber were able to suppress macrophage
activation upon the induction of TLR or NLRP3 agonists on macrophages while >10KDa
fractionates of bacterial supernantants would fail to suppress macrophage activation. As
mentioned before, there are two scenarios for macrophage activation to promote proinflammatory responses: 1/ TLR pathway via LPS stimulation, or 2/ inflammasome
NLPR3 pathway via MSU crystal stimulation. Here, we tested the roles of <10KDa
fractionates to suppress macrophage activation upon LPS stimulation or MSU crystal
stimulation in the transwell system. We used FitC-dextran as an internal control to ensure
that our <10KDa supernatants did not promote paracellular transport by altering the tight
junctions between epithelial cells. For negative control (as a part of internal control), in a
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separate well, we added HCl acid (6.63 mM) in the upper chamber together with the
FitC-dextran. The optical density (OD) of FitC-dextran was measured by fluorescence
spectrometer. The actual concentrations of FitC–dextran at the bottom well were obtained
from the standard curve of a known, purified FitC-dextran concentration. To calculate the
percentage of FitC-dextran present at the bottom well, the amount of FitC-dextran at the
bottom well was divided by the original amount of FitC-dextran present at the top well
and then multiplied by 100.
A. LPS stimulation. In this experiment, we had three different samples we
wanted to test: <10KDa fractionates of LF, or the whole, unfractionated bacterial
supernatant LF, or >10KDa fractionates of LF. Here, we wanted to determine whether
<10KDa fractionates could suppress THP-1 macrophage activation upon LPS
stimulation. Also, we would expect that the presence of <10KDa fractionates in the
whole, unfractionated bacterial supernatant of LF could also suppress LPS-stimulated
THP-1 activation in the transwell system. Before LPS stimulation, we first pre-treated
CACO-2 cells with <10KDa fractionate of bacterial supernatant LF or the whole, unfractionated bacteria supernatant LF (without fractionate) or >10KDa fractionate of LF
supernatant in the volume ratio of 1:1. For control, in a different well, we added either TS
bacteria culture media or DMEM cell culture media in the same volume ratio of 1:1. Both
samples and controls were incubated overnight. The next day, we stimulated cells with
LPS stimulation (50ng/mL) by adding LPS either in the top chamber or bottom chamber
of the transwell system. At the same time, we also added FitC-dextran as an internal
control. The transwell system was again incubated for 6 hours. After 6 hours we collected
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cell supernatants at the bottom chamber and measured the level of TNF-α from the
collected supernatants by ELISA (Fig. 7).
If <10KDa fractionates could suppress THP-1 macrophage activation upon LPS
stimulation, we expected that upon LPSstimulation, CACO-2 cells that had been pretreated either with LF<10KDa fractionates or the whole LF at the upper chamber to have
a significant decrease of TNF-α secretion from THP-1 cells at the bottom chamber
compared to the trans-well that had CACO-2 cells exposed with TS control or DMEM
control.
Our data found that in the absence of LPS stimulation, when the trans-well system
was pre-treated with TS bacteria culture media or DMEM cell culture media in the upper
chamber, they appeared to have a low level of TNF-α secretion. Also, when LPS was
added into the upper chamber for stimulation, the level of TNF-α secretion was also low.
This level of TNF-α was soon significantly increased when LPS was directly treated with
THP-1 cells at the bottom chamber (Fig. 18)
As expected, in the transwell system that had <10KDa fractionates or the whole,
un-fractionated bacterial supernatant LF-pre-treated CACO-2 cells present on the upper
chamber, the levels of TNF-α secretion were significantly reduced compared to the
transwell that had CACO-2 cells that were first exposed with either bacterial culture
media, TS<10KDa or cell culture media, DMEM upon LPS stimulation at the bottom
chamber. More importantly, we did not observe such a reduction of TNF-α secretion
from the transwell system that had >10KDa fractionates of LF pre-treated-CACO-2 cells
upon LPS stimuli at the bottom chamber (Fig. 18)
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As for internal control, when the transwell was pre-treated with either sample
(>10KDa fractionate of LF, or the whole LF supernatant or <10KDa fractionate of LF) or
controls (DMEM or TS). We did not detect any FitC- dextrans present in the sample test
supernatants collected from the bottom chamber. However, FitC- dextrans were detected
in the bottom chamber when the transwell system was treated with 6.63 mM HCl (Fig.
19)
Collectively, our data demonstrated the presence of <10KDa fractionates of
bacterial supernantants (either <10KDa fractionates of LF alone or their presence in our
whole, un-fractionated supernatants of LF) can suppress macrophage activation upon
LPS stimulation (Fig. 20), and the presence of bacterial supernatants do not promote
cellular permeability.
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Figure 18: The effects of different fractionate LF (>10KDa, <10KKDa, or whole) on human THP-1
macrophage activation in transwell system upon LPS stimulation. 0.5 x 106 CACO-2 cells were seeded
in the upper and grown at least for two weeks until they become confluent. Once the CACO-2 became
confluent, THP-1 cells (cultured and maintained as described above) were then placed into the lower
chamber of the transwell system at a density at 0.25 x 106 cells per well. The <10KDa bacterial supernatant
LF was added to CACO-2 cells in the upper chamber with a volume ratio of 1:1. Furthermore, in different
wells, LF whole bacterial supernatant (without fractionate) or >LF 10KDa fractionates were also added to
the CACO-2 cells in the upper chamber of transwell in the same volume ratio of 1:1 (v/v). CACO-2 cells
exposed to TS media or DMEM cell culture media were used as controls. Both samples and controls were
incubated overnight at 37˚C, 5% CO2. After overnight incubation, LPS (50ng/mL) was added to the lower
chambers that contained THP-1 cells. For control, LPS was also added into the upper chamber. Finally, the
whole trans-well systems were incubated for six hours at 37˚C, 5% CO2. Cell supernatants at the bottom
chamber were collected, and the level of TNF-α was measured by ELISA. For internal controls, FitCdextrans (4KDa) were added into the upper chamber simultaneously as the sample tests were added. A high
concentration of hydrochloric acid (HCl) 6.63 mM as a control was added to the upper chamber to disrupt
the tight junctions. Data are representative of at least three independent experiments and are shown as mean
± s.d. Statistically significant differences were determined by the standard Student’s t-test, * p<0.05.
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Figure 19: The assessment of the permeability of the differentiated CACO-2 epithelium cells after the
treatment of different LF fractionates (>10KDa, <10KDKa, or whole) in transwell system upon LPS
stimulation of THP-1 macrophages by measuring the percentage (%) concentration of FitC- dextran
at the bottom chambers of a transwell system. 0.5 x 106 CACO-2 cells were seeded in the upper and
grown at least for two weeks until they become confluent. Once the CACO-2 became confluent, THP-1
cells (cultured and maintained as described above) were then placed into the lower chamber of the
transwell system at a density at 0.25 x 106 cells per well. The <10KDa bacterial supernatant LF was added
to CACO-2 cells in the upper chamber with a volume ratio of 1:1. Furthermore, in different wells, LF
whole bacterial supernatant (without fractionate) or >LF 10KDa fractionates were also added to the CACO2 cells in the upper chamber of transwell in the same volume ratio of 1:1 (v/v). CACO-2 cells exposed to
TS media or DMEM cell culture media were used as controls. Both samples and controls were incubated
overnight at 37˚C, 5% CO2. After overnight incubation, LPS (50ng/mL) was added to the lower chambers
that contained THP-1 cells. For control, LPS was also added into the upper chamber. Finally, the whole
trans-well systems were incubated for six hours at 37˚C, 5% CO2. Cell supernatants at the bottom chamber
were collected, and the level of TNF-α was measured by ELISA. For internal controls, FitC-dextrans
(4KDa) were added into the upper chamber simultaneously as the sample tests were added. A high
concentration of hydrochloric acid (HCl) 6.63 mM as a control was added to the upper chamber to disrupt
the tight junctions. FitC-dextran collected from the bottom chamber were collected and measured by a
fluorescence spectrometer (excitation, 490 nm; emission, 520 nm). The concentrations of FitC–dextran at
the bottom well were obtained from the standard curve of a known, purified FitC-dextran concentration. To
calculate the percentage of FitC-dextran present at the bottom well, the amount of FitC-dextran at the
bottom well was divided by the original amount of FitC-dextran present at the top well and then multiplied
by 100. Data are representative of at least three independent experiments and are shown as mean ± s.d.
Statistically significant differences were determined by the standard Student’s t-test, * p<0.05.

77

Figure 20: The effects of different LF fractionates (>10KDa, <10KKDa, or whole) on human THP-1
macrophage activation in transwell system upon LPS stimulation. Human CACO-2 cells at the top well
pre-treated either with LF<10KDa fractionates or the whole LF bacterial supernatant can suppress the
activation of LPS-stimulated THP-1 cells at the bottom well of the transwell system. As a result, the
secretion of TNF-α was significantly inhibited.

B. MSU crystal stimulation. Since our <10KDa fractionates as well as the whole, unfractionated bacterial supernatant of LF were able to suppress macrophage activation
upon LPS stimulation in the transwell system that mimics the gastrointestinal system, we
next determined whether <10KDa fractionates of bacteria supernatant could suppress
macrophage activation in the transwell system upon MSU crystal stimulation. We had
three different samples we wanted to test: <10KDa fractionate of LF, the whole bacterial
supernatant LF (without fractionate), and >10KDa fractionate of LF. (Note: in a similar
setup, we placed our differentiated CACO-2 human epithelial cells on the upper chamber
while we placed our differentiated THP-1 human macrophages at the bottom chamber.
The different bacterial fractionates of LF were separately placed on the upper chamber
that contained CACO-2 cells).
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If the <10KDa fractionate of LF could suppress macrophage activation upon
MSU crystal stimuli, then we would expect that there would be a low level of IL-1β
secretion collected from the bottom chamber. We would also expect that the whole
bacteria supernatant of LF (which contains both <10KDa molecules and >10KDa
molecules prior fractionate) also could suppress the macrophage activation by inhibiting
IL-1β secretion from the THP-1 human macrophage collected from the bottom chamber.
As mentioned before, it requires “two step” process for the activation of
inflammasome NLRP-3 in macrophages to secrete pro-inflammatory cytokine, IL-1βs.
The first step requires LPS priming of macrophages that promotes the formation of proIL-1β via the activation of NF- κB. The second step requires the assembly of
inflammsome that requires MSU crystal stimuli to promote a full form of caspase-1. This
full-form of caspase-1 then cleaves pro-IL-1β into IL-1β cytokines that are necessary to
elicit the inflamamtion [306-307].
We first added LPS at the bottom chamber for THP-1 priming overnight. After
that, the sample test (either <10KDa fractionate of LF, or the whole LF supernatant, or
>10KDa fractionate of LF) or the control (TS<10KDa bacteria culture media or DMEM
cell culture media) was then added to the upper chamber of the transwell system in the
volume ratio of 1:1 (v/v) and the CACO-2 cells were incubated together either with
sample test or control for 6 hrs. After 6 hours, MSU crystals were added into the bottom
chamber and at the same time, FitC-dextran dye as an internal control was added into the
upper chamber. We incubated the whole transwell system for an overnight period. On the
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next day, we collected the cell supernatant from the bottom chamber and measured the
level of IL-1β secretion by ELISA (Fig. 8).
We found that in the absence of MSU crystal stimulation, when the CACO-2 cells
of the upper chamber were pre-treated with TS<10KDa bacteria culture media or DMEM
cell culture media, the level of IL-1β secretion from LPS-primed macrophages was low.
This level of IL-1β secretion was also comparable to the THP-1 cells without LPS
priming. However, upon the addition of MSU crystal stimuli at to the bottom chamber,
the level of IL-1β from LPS-primed THP-1 cells was significantly enhanced in the
transwell that had <10KDa or DMEM pre-treated CACO-2 cells at the upper chamber.
Interestingly, when CACO-2 cells were pre-treated either with <10KDa fractionates of
LF or the whole, unfractionated bacterial supernatant of LF, the level of IL-1β secretion
from LPS-primed THP-1 macrophages was also significantly reduced upon MSU crystal
stimulation. In contrast, when the CACO-2 cells of the upper chamber were pre-treated
with >10KDa fractionate of LF, the level of IL-1β secreted from LPS-primed THP-1
macrophages was still high and comparable to those that had TS- or DMEM-pretreated
CACO-2 cells of the upper chamber upon MSU crystal stimulation (Fig. 21).
Similar to LPS stimulation, as an internal control, when the transwell was pretreated with either the sample (>10KDa fractionate of LF, or the whole, un-fractionated
LF supernatant or <10KDa fractionate of LF) or the controls (DMEM or TS), we did not
detect any FitC- dextran present in the sample test supernatants collected from the bottom
chamber. However, FitC- dextran was detected in the bottom chamber when the transwell
system was treated with 6.63mM HCl (Fig. 22).
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Together, our data showed that in the presence of <10KDa fractionates of
bacterial supernantants (either <10KDa fractionates of LF alone or their presence in our
whole, un-fractionated supernatants of LF), this presence of <10KDa fractionates can
suppress macrophage activation upon LPS stimulation (Fig. 23).
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Figure 21: The effects of different fractionate LF (>10KDa, <10KKDa, or whole) on LPS-primed
THP-1 macrophage in transwell system upon MSUcrystal stimulation. 0.5 x 106 CACO-2 cells were
seeded in the upper and grown at least for 2 weeks until they become confluent. Once the CACO-2 became
confluent, THP-1 cells (cultured and maintained as described above) were then placed into the lower
chamber of the transwell system at a density at 0.25 x 106 cells per well. LPS (50ng/mL) was first added to
the lower chamber for THP-1 cell priming for at least an overnight incubation. The next day, <10KDa
bacterial supernatant LF, whole bacteria supernatant LF (without fractionate), or >10KDa fractionate of
bacteria supernatant LF were then added to the upper chamber that contained CACO-2 cells in the volume
ratio of 1:1 for six hours at 37˚C, 5% CO2. In different wells, CACO-2 cells on the upper chamber exposed
to TS bacteria culture media or cell culture media DMEM were used as controls. After a 6 hour incubation,
MSU crystals (250 µg/well) were added directly to CACO-2 cells in the bottom chamber, and the whole
trans-well systems were then incubated overnight at 37˚C, 5% CO2. After overnight incubation, cell
supernatants at the bottom chamber were collected, and the levels of IL-1β were measured by ELISA. For
internal controls, FitC- dextrans (4KDa) were added into the upper chamber simultaneously as the sample
tests were added. A high concentration of hydrochloric acid (HCl) 6.63 mM as a control was added to the
upper chamber to disrupt the tight junctions. FitC-dextran collected from the bottom chamber were
collected and measured by a fluorescence spectrometer (excitation, 490 nm; emission, 520 nm). Data are
representative of at least three independent experiments and are shown as mean ± s.d. Statistically
significant differences were determined by the standard Student’s t-test, * p<0.05.
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Figure 22: The assessment of the permeability of the differentiated CACO-2 epithelium cells after the
treatment of different LF fractionates (>10KDa, <10KDKa, or whole) in transwell system upon MSU
crystal stimulation of LPS-primed THP-1 cells by measuring the percentage (%) concentration of
FitC- dextran at the bottom chambers of a transwell system. 0.5 x 106 CACO-2 cells were seeded in the
upper and grown at least for 2 weeks until they become confluent. Once the CACO-2 became confluent,
THP-1 cells (cultured and maintained as described above) were then placed into the lower chamber of the
transwell system at a density at 0.25 x 106 cells per well. LPS (50ng/mL) was first added to the lower
chamber for THP-1 cell priming for at least an overnight incubation. The next day, <10KDa bacterial
supernatant LF, whole bacteria supernatant LF (without fractionate), or >10KDa fractionate of bacteria
supernatant LF were then added to the upper chamber that contained CACO-2 cells in the volume ratio of
1:1 for six hours at 37˚C, 5% CO2. In different wells, CACO-2 cells on the upper chamber exposed to TS
bacteria culture media or cell culture media DMEM were used as controls. After a 6 hour incubation, MSU
crystals (250 µg/well) were added directly to CACO-2 cells in the bottom chamber and the whole transwell systems were then incubated overnight at 37˚C, 5% CO2. After overnight incubation, cell supernatants
at the bottom chamber were collected, and the levels of IL-1β were measured by ELISA. For internal
controls, FitC- dextrans (4KDa) were added into the upper chamber simultaneously as the sample tests
were added. A high concentration of 6.63 mM HCl as a control was added to the upper chamber to disrupt
the tight junctions. FitC-dextran collected from the bottom chamber were collected and measured by a
fluorescence spectrometer (excitation, 490 nm; emission, 520 nm). The concentrations of FitC–dextran at
the bottom well were obtained from the standard curve of a known, purified FitC-dextran concentration. To
calculate the percentage of FitC-dextran present at the bottom well, the amount of FitC-dextran at the
bottom well was divided by the original amount of FitC-dextran present at the top well and then multiplied
by 100. Data are representative of at least three independent experiments and are shown as mean ± s.d.
Statistically significant differences were determined by the standard Student’s t-test, * p<0.05.
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Figure 23: The effects of different LF fractionates (>10KDa, <10KKDa, or whole) on LPS-primed
THP-1 macrophage activation in transwell system upon MSU stimulation. Human CACO-2 cells at the
top well pre-treated either with LF<10KDa fractionates or the whole LF bacterial supernatant can suppress
the activation of LPS-primed THP-1 cells upon MSU stimulation at the bottom well of the transwell
system. As a result, the secretion of IL-1β was significantly inhibited.

Macrophage activation by >10KDa fractionates is TLR-2 dependent, not TLR-4 in
vitro.
Our preliminary data showed that when macrophages were treated with the whole
bacterial supernatants alone ( either LD, SO, LR, or LF), they appeared to express a
significantly higher level of TLR-2 surface markers compared to those that were treated
with bacterial culture medium TS, or cell culture DMEM alone. However, we did not
detect TLR-4 surface markers on macrophages after treatment with the whole bacterial
supernatant (either LD, SO, LR, or LF). Also, our preliminary data showed that when
macrophages were treated with different fractionates (either >10KDa, or <10KDa or the
whole) of bacterial supernatants (either LD, SO, LR, or LF), there are different levels of
TNF-α secretions from macrophages (Fig. 10). Specifically, the levels of TNF-α secreted
by macrophages upon >10KDa fractionates of bacterial supernatants were significantly
higher than those macrophages that were treated with the whole bacterial supernatants
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(which contained both >10KDa fractionates and <10KDa fractionates). This suggests that
that the presence of <10KDa fractionates in the entire supernatant suppressed the level of
TNF-α of macrophages which were stimulated by >10KA fractionates of bacterial
supernatants (Fig.10). Also, >10KDa fractionates of bacterial supernatants failed to
suppress macrophage activation upon LPS or MSU crystal stimulation in the transwellsystem (Fig. 18 & Fig. 21). This led us believe that >10KDa acted as stimulatory factors
for macrophage activation. Furthermore, we believed that >10KDa fractionates were
components from the bacteria cell walls since only bacteria cell walls can promote
macrophage activation [308]. Additionally, macrophages can respond to bacterial cell
walls through the recognition of TLR-2 and TLR-4. Thus, for further clarification, we
next determined the mechanism that allows >10KDa fractionates to stimulate
macrophage responses. Specifically, we tested whether >10KDa fractionates can activate
macrophage in vitro in either TLR-2 or TLR-4 dependent manner.
For this experiment, we isolated BMDMs from TLR2-/- and TLR4-/- mice. After
that, we treated the >10KDa fractionates of bacterial supernatants (either LD, SO, LR or
LF) with macrophages overnight in a ratio of 1:2 (v/v) at 37˚C, 5% CO2. BMDMs
exposed either to LPS (50ng/mL), TS bacteria cell culture media or DMEM cell culture
media were used as controls. After overnight incubation, we collected the cell
supernatants, and we measured the TNF-α secretion by ELISA. If >10KDa fractionates
acted as stimulatory factor for macrophage activation and this activation is dependent on
TLR-2/TLR-4 manner, then we would expect that the level of TNF-α would be
significantly reduced in macrophages that had TLR2-/- or TLR4-/- mice.
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We found that the level of TNF-α secreted by macrophages was significantly
reduced in TLR2-/- mice compared to the macrophages isolated from wild-type mice upon
>10KDa fractionate treatment (Fig. 24). As for control cell culture media TS, we did not
see such a change in the level of TNF-α in WT mice or TLR2-/- mice. However, we did
not see such a reduction of the TNF-α level in TLR4-/- mice (Fig.25).

Figure 24: TNF- α secretion from WT vs TLR-2KO BMDM macrophages after murine BMDMs were
treated with >10KDa fractionates of bacteria supernatant (either LD, SO, LR, or LF). 0.25 x 106
BMDMs isolated from TLR2-/- or wild type mice were then incubated with >10KDa fractionates of
bacterial supernatants (either LD, SO, LR, or LF) in the volume ratior of 1:2 (v/v) for overnight. Cells
exposed with TS bacterial cell culture media, DMEM cell culture media, or LPS (50ng/mL) were used as
controls. Cell supernatants were then collected and the TNF-α secretion was measured by ELISA. Data are
representative of at least three independent experiments and are shown as mean ± s.d. Statistically
significant differences were determined by the standard Student’s t-test, * p<0.05.
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Figure 25: TNF- α secretion from WT vs TLR-4KO BMDM macrophages after murine BMDMs were
treated with >10KDa fractionates of bacteria supernatant (either LD, SO, LR, or LF). 0.25 x 106
BMDMs isolated from TLR4-/- or wild type mice were then incubated with >10KDa fractionates of
bacterial supernatants (either LD, SO, LR, or LF) in the volume ratior of 1:2 (v/v) for overnight. Cells
exposed with TS bacterial cell culture media, DMEM cell culture media, or LPS (50ng/mL) were used as
controls. Cell supernatants were collected and the TNF-α secretion was measured by ELISA. Data are
representative of at least three independent experiments and are shown as mean ± s.d. Statistically
significant differences were determined by the standard Student’s t-test, * p<0.05

CHAPTER FOUR
DISCUSSION
The GI tract is home to a complex network of microbial communities [1,2,6]. The
gastrointestinal mucosal structure is an intricate structure that consists of both a
biochemical barrier as well as a physical barrier. The physical barrier consists of the
intestinal epithelial cells (IECs) that separate the inside lamina propria from the intestinal
lumen. The surface of the intestinal epithelium is coated with a thick layer of mucus
which serves as a matrix to entrap microbes. Despite the abundant number of commensal
bacteria present in the GI tract, the host is equipped with highly effective immune cells
present in the lamina propria. These immune cells are ready to initiate the innate immune
responses upon pathogenic infection. Among the immune cells found in the GI tract, a
major reservoir of intestinal macrophages play a central role in initiating and sustaining
protective immune responses mounted against a vast number of potentially harmful
bacteria and antigenic stimuli present in the intestinal lumen. During steady state,
intestinal macrophages play a central role in performing housekeeping functions.
Favorably located beneath the intestinal epithelium, the intestinal macrophages function
to capture and phagocytose any foreign substances that breach the epithelial barrier [250].
This bactericidal activity allows intestinal macrophages to protect the host from
pathogenic infection or antigenic stimulation that may be considered as a threat to host.
Despite having phagocytic activity and defensive functions, the intestinal macrophages
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are inflammation-anergic toward non-harmful dietary antigens or commensal bacteria.
Such an immune tolerance of the intestinal macrophages is attributed to the low
expression of TLRs on macrophages as well as the unsuccessful TLR downstream
signaling [37,250,268], the mass production of IL-10 [254] from macrophages that lead
to the differentiation of Tregs [73] to secrete other inhibitory factors such as TGF-β to
suppress the host immune responses [37]. However, when the intestinal homeostasis is
disrupted, the intestinal macrophages switch to pro-inflammatory functions and elicit a
series of inflammatory responses in the host GI tract system. Such an inflammatory
response involves in the production of pro-inflammatory cytokines and other chemokine
mediators to facilitate the recruitment of other innate immune cells at the site of
inflammation [271-272, 268]. Commensal bacteria have been involved in many immuneanergic pathways of intestinal macropahges. However it is unknown how commensal
bacteria can exert their effects on the intestinal macrophages. Since microbiota secrete
many metabolites that play a central role in host immune system, it is possible that
microbiota-derived metabolites have influence on the function of macrophages and the
hypo-responsiveness of intestinal macrophages toward the commensal bacteria.
Therefore, it is important to determine whether microbiota-derived metabolites can
influence the immune response of macrophages. We hypothesized that those commensal
bacteria were able to immuno-modulate macrophage function through their secreted
metabolites. Specifically, we hypothesized that the secreted bacteria factors/metabolites
present in the bacterial supernatant can suppress macrophage activation upon the
induction of TLR or NLRP3 agonists on macrophages.
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While evaluating the effects of different fractionates of our commensal bacteria
on macrophage response, we unexpectedly discovered that different molecular weights of
microbial products may contribute to the secretion of TNF-α level. Specifically,
macrophages treated with >10KDa fractionates of bacterial supernatants (LD/SO/LR/LF)
had significantly higher levels of TNF-α compared to those that were treated with the
whole, unfractionated bacterial supernatants (LD/SO/LR/LF). This suggested that the
presence of <10KDa fractionates in the whole, unfractionated bacterial supernatants
potentially reduced the level TNF-α induced by >10KDa fractionates and that the
<10KDa fractionates of bacterial supernatants may have a suppressive function on
macrophage activation while the >10KDa fractionates had an inductive role in promoting
macrophage activation. We hypothesized that the <10KDa could suppress macrophage
activation upon the stimulation of TLR or NLRP3 agonists on macrophages.
We first focused on the role of <10KDa fractionates on macrophage function.
Specifically, we wanted to determine whether <10KDa fractionates can suppress
macrophage responses in the presence of stimuli. In vitro experiments, the <10KDa
fractionates of bacterial supernatants can suppress macrophage responses in the presence
of two different stimuli: LPS versus MSU crystals. LPS stimuli are well known to
promote pro-inflammatory cytokines secreted from macrophages such as TNF-α, IL-6
through Toll-lie receptor pathway [309]. On the other hand, MSU crystals are well
known to promote inflammasome cascade in macrophages to become activated and
secrete pro-inflammatory cytokine IL-1β [310]. In both scenarios, <10KDa fractionates
of bacterial supernatant (either LD, SO, LR, LF) can suppress macrophage responses to
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LPS or MSU crystal stimuli to inhibit the secretion of pro-inflammatory TNF-α, IL-6 and
IL-1β cytokines in vitro.
The suppression of <10KDa fractionates of bacterial supernatants was also
successful in the mouse peritonitis model to determine the effects of <10KDa fractionates
on neutrophil recruitment. Normally, the peritoneal cavity is sterile and small numbers of
bacteria can be efficiently disposed of in the peritoneal cavity. However, peritonitis
happens when the defense mechanisms are overwhelmed by massive or continued
contamination by introduction of an infection into the sterile peritoneal environment
through organ perforation. For example, peritoneal injection of LPS can promote
peritonitis by inducing neutrophil recruitment to the peritoneal cavity [303]. The defense
mechanisms rely on the activation of the resident macrophages in the peritoneal cavity.
The peritoneal macrophages are responsible for recruiting neutrophils at the early stage of
inflammation through the secretion of the neutrohpil chemoattractants CXCL1/CXCL2 [324326]. We first treated mice with the <10KDa fractionate of bacteria supernatant prior to
LPS stimulation to determine if the <10KDa fractionate of bacterial supernatant can
suppress macrophage activation in the peritoneal cavity. Our findings reported herein
suggest that the recruitment of neutrophils to the peritoneum after intraperitoneal
administration of LPS was significantly attenuated in mice that previously received
<10KDa fractionate of bacterial supernatant. However, the <10KDa fractionates of
bacterial supernatant cannot completely abolish the neutrohpil recruitment upon the
injection of LPS stimuli. This suggests that there is an alternative pathway for the
migration of neutrophils which might not be influenced by the <10KDa fractionates of
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bacterial supernatants. Besides macrophages, mast cells also participate in the rapid
initial recruitment of neutrophil during tissue inflammation. Mast cells also secrete
neutrophil chemokine-attractants CXCL1/CXCL2 [324,326]. Other studies have shown that
microbiota strongly influence the neutrophil recruitment. Particuarly, in germ-free mice, the
recruitment of neutrophils to the peritoneal cavity is markedly impaired upon injection of the
chemical zymosan [327]. Future studies should focus on the effects of the <10KDa fractionates
on other peritoneal cells and the role of microbiota in the process of the neutrophil recruitment.
Though our <10KDa fractionates of bacterial supernatants can suppress
macrophage response in vitro as well as suppress the neutrophil recruitment in vivo
experiments, we were uncertain whether <10KDa fractionates can indeed suppress
macrophage responses in the gastrointestinal system since the gastrointestinal tract is a
very complex system that consists of multi-layers that prevent the external factors from
entering into the lamina propria. In the GI tract, during the steady state, both commensal
and pathogenic bacteria are excluded from the lamina propria by the intestinal epithelium
together with the thick layer of mucus. The presence of intestinal epithelium acts as an
intestinal barrier and allows the host to absorb nutrients. We further tested the
suppression of <10KDa fractionates on macrophage response to LPS or MSU crystal
stimuli in a transwell system, a system that mimicked the GI tract in a very simplified
way. The transwell system consists of upper chamber and bottom chamber. In this
transwell system, we cultured differentiated CACO-2 cells at the upper chamber to form
an artificial epithelium while we cultured differentiated THP-1 cells at the bottom
chamber to form a population of macrophages. Our findings reported that when the
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<10KDa fractionate of the bacterial supernatant was added directly to the intestinal
epithelium, it significantly inhibited macrophage production ofpro-inflammatory cytokine
TNF-α or IL-1β secretion upon LPS or MSU crystal stimululation. Interestingly, the
whole bacteria supernatant that contained both the <10KDa fractionate, and the >10KDa
fractionate also were able to significantly inhibit LPS- or MSU crystal-stimulated
macrophage to secrete TNF-α or IL-1β. In contrast, the >10KDa fractionate failed to
suppress macrophage response in the presence of LPS or MSU crystal stimulation.
Furthermore, the treatment of >10KDa fractionate, <10KDa fractionate or the whole
bacteria supernatant directly on differentiated CACO-2 epithelium did not promote
paracellular permeability. This suggested that <10KDa fractionates could suppress
macrophage responses in the presence of epithelium cells. However, we did not know the
mechanisms of <10KDa fractionates to suppress macrophage in the presence of
epithelium. There are two possible ways that we suspected that <10KDa may suppress
macrophages in the GI system. The first one is that <10KDa may act on intestinal
epithelium to promote cytokine signaling to inhibit macrophage responses. The other one
is that <10KDa fractionates may be transported into the epithelium cells via receptors on
epithelium cells and then transported into the lamina propria to directly inhibit
macrophage response. It is unknown how <10KDa can suppress macrophages in the GI
system as well as the mechanisms that <10KDa can suppress macrophages with in the GI
system.
On the other hand, we believed that the >10KDa fractionates could act as a
stimulatory factor to induce macrophage activation. This stemmed from our preliminary
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studies that >10KDa fractionates had the highest level of TNF-α secretion from
macrophages compared to <10KDa fractionates or the whole, un-fractionated bacterial
supernatants (Data not shown). Our findings reported that >10KDa fractionates failed to
suppress macrophage responses in the presence of LPS or MSU crystal stimulation.
Additionally, >10KDa fractionates did not promote paracellular transports between
differentiated CACO-2 epithelium cells in the transwell system, and in vitro experiment,
>10KDa fractionates required TLR2 instead of TLR4 to promote pro-inflammatory
responses from macrophages. This suggested that during the steady state, >10KDa
fractionates were excluded from the lamina propria due to the presence of intestinal
epithelium, and hence our >10KDa fractionates could not assert their effects on
macrophages directly. However, it is possible that intestinal macrophages may capture
some of the >10KDa fractionates since they provide an important means of sampling
luminal contents by extending TEDs toward the lumen to capture any antigenic stimuli or
live bacteria [266], and subsequently, these samples are then transported to the
neighboring DCs for T-cell priming process [266-267]. Collectively, though the >10KDa
fractionates may be excluded from the lamina propria by the intestinal epithelium, we
were not sure whether the >10KDa fractionates were accidentally taken by TED.
However, it was unlikely to happen because only small group of macorphages which
express CX3CR1 [318] can promote transepithelial uptake from the lumen, and these
macrophages may mainly function as a transporter to transfer the lumen samples to the
DCs for T cell priming [266-267].
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Commensal bacteria secrete <10KDa factors as well as >10KDa factors, and these
factors play a different role on macrophage response. While <10KDa factors have an
inhibitory effect on macrophage responses, >10KDa fractionates promote proinflammatory responses from macrophages. Together, both the >10KDa fractionates and
the <10KDa fractionates provide a “yin-yang” of commensal bacteria in controlling the
host macrophage immune responses. During inflamed state or pathogenic infection, the
disruption of intestinal epithelium may allow substances represented in the >10KDa
fractionates to enter into the lamina propria and cause a pro-inflammatory response from
macrophages. Such pathogenic infection or inflammation disrupts the balance of “yin and
yang” between commensal bacteria and host immunity. Overall, both the >10KDa
fractionates and the <10KDa fractionates secreted from commensal bacteria are important
to regulate macrophage responses in the host GI system.
Currently, the main issue now is that we do not know what is present in the
<10KDa fractionates which are secreted from commensal bacteria. Since our preliminary
experiments showed that there was no difference in the level of TNF-α secretion when
the whole bacterial supernatants were treated either with DNAse, RNAse or proteinase, it
suggested that the factors present in the supernatants might not be DNA, or RNA or
proteins. Additionally, it is complicated to completely separate sugar groups from fatty
acids since we suspect that the carbohydrate group might be conjugated with fatty acids.
Thus, we believe what was present in our supernatants that contributed to macrophage
function might be either fatty acids alone, or a carbohydrate group or the conjugation of
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carbohydrates and fatty acids. We speculated that at least three components which might
be present in the <10KDa fractionates are the following: 1) short-chain fatty acids
(SCFAs), 2) polyunsaturated fatty acids (PUFAs), and 3) exopolysaccharides.
SCFAs are defined as 1–6 carbon volatile fatty acids existing in straight- and
branched-chain conformations. They are formed during bacterial fermentation of
carbohydrates in the colon. In the gut, the main SCFAs produced are acetate, propionate,
and butyrate. These SCFAs are accountable for immune-suppression on host immune
cells. For example, SCFAs can modulate inflammation and affect several leukocyte
functions. They suppress NF-kB signaling pathway and inhibit the secretion of the proinflammatory cytokines (such as TNF-α and IL-6 cytokines) and ROS species (such as
NO production) [276]. On the contrary, these SCFAs induce the secretion of the antiinflammatory cytokines (such as IL-10) [276]. In vitro, the interaction of SCFAs downregulates pro-inflammatory responses of the effect innate cells in the GI tract.
Specifically, lactate and SCFA down-regulate pro-inflammatory cytokine secretion by
LPS-activated macrophages, particularly IL-6, and IL-12 [277]. SCFAs significantly
suppress the pro-inflammatory response of intestinal epithelium cells [277]. In humans,
when the concentration of SCFAs (such as acetates, propionates, and butyrates) reaches
30 mM, these SCFAs suppress TNF-α secretion by LPS-stimulated neutrophils [278].
Similarly, in mice, propionates and butyrates can inhibit NF-κB activation signaling
pathway by suppressing the production of pro-inflammatory cytokines (such as TNF-α,
CINC-2αβ) and other ROS species (such as NO) secreted by neutrophils [279].
Additionally, the recruitment of neutrophils to the peritoneal cavity upon to the
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exposure of inflammatory oyster glycogen solution was attenuated in mice that
previously received tri-butyrin, a precursor form of butyrate. Additionally, oral
administration of acetate in drinking water has been shown to suppress the chemically
DSS -induced inflammatory colitis dependent on the G-protein-coupled Receptor 43
(GPR43) [16]. During adaptive immune responses, SCFAs are important for the
differentiation of FoxP3+Tregs that are critical for anti-inflammatory response [9,222223]. Mainly, butyrate is responsible for the differentiation of FoxP3+Tregs from naïve
CD4+T cells in vitro [9,223] by inhibiting the activity of histone deacetylases [224].
Butyrates also induce the secretion of IL-10 and retinoic acids from DCs and
macrophages, in which these molecules are essential for the proliferation and survival of
IL-10–producing Tregs in the colon [225]. Unlike butyrate which has a function for Treg
differentiation, the other two SCFAs, acetate and propionate, are important for the
migration of Tregs into the colon by inducing the expression of homing molecules on
Tregs [223]. Also, acetate has a role in enhancing gut epithelial barrier functions and
suppressing colonic inflammation in the mouse model during Escherichia coli O157: H7
infection [176]. Since SCFAs have been well documented for inhibitory effects on
inflammatory responses of both innate and adaptive immune responses, it is possible that
SCFAs might be present in our <10KDa fractionates.
Besides SCFAs, poly unsaturated fatty acids (PUFAs) are believed to be present in
the <10KDa fractionates. Polyunsaturated fatty acids are fatty acids that contains more
than one carbon double bond. In humans, the most important metabolisms are ω-6 (n-6)
along with ω -3 (n-3) poly unsaturated fatty acids (PUFAs) which are part of essential
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nutrients for humans. Important ω -3 PUFAs are involved in human nutrition. These are
α-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and
docosahexaenoic acid (DHA). These n-3 PUFAs can be found in plant oil, vegetable oil,
nuts as well as fish oils or other marine foods. As mentioned before, ω-6 fatty acids are
also important fatty acids that are essential for humans. These fatty acids are mainly
found in vegetable oil, nuts, and eggs. The major ω -6 fatty acids that are critical to
humans are linoleic acids, γ- linolenic acid and arachidonic acids. While ω -3 fatty acids
have an anti-inflammatory function that can suppress the immune responses, ω -6 fatty
acids, on the other hand, can induce both host pro-inflammatory and anti-inflammatory
responses. Interestingly, the probiotic Lactobacilli spp. adhere to intestinal surfaces and
produce mostly ω -3 fatty acids such as EPA, DHA, and ALA and some ω -6 fatty acids,
for instance, conjugated linoleic acid (CLA) isomers and γ-linolenic [280]. Previous
studies found that ω -3 fatty acids have anti-inflammatory properties. Specifically, they
can decrease chemotaxis of neutrophil and monocytes toward various chemical
attractants [281-283]. They inhibit the secretion of pro-inflammatory IL-6 and IL-8
cytokines from human endothelial cells [284-285] as well as TNF-α from cultured
monocytes [286-291]. They also inhibit inflammatory diseases and metabolic disorders
through the suppression of NLRP3 inflammasome and further prevent the subsequent
caspase-1 catalytic reaction and IL-1β secretion, where they are important to promote
inflammatory responses in the host. In vitro, ω -3 fatty acids have been shown to suppress
the T-cell proliferation as well as the production of IL-2 [292-298]. In contrast, ω -6 fatty
acids display both pro and anti-inflammatory properties. Consuming enriched ω -6 fatty
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acids can alleviate chemically-induced small intestinal damage via inhibition of leukocyte
infiltration [299]. Furthermore, γ -linolenic acid and its intermediate mediators have an
impact on many host gene expressions that are involved in the host immune functions as
well as cell apoptotic pathways [300-302]. Collectively, it is possible that the <10KDa
fractionates may contain both ω -3 and ω -6 fatty acids that may take part in the
regulation of macrophage activation.
Lastly, exopolysaccharides (EPS) have a potential to limit inflammation. As
mentioned previously EPS have a structure that comprises the carbohydrate polymer
layer on the surface of many different microorganisms. The anti-inflammatory properties
of EPS have been studied intensively in the past few years. For instance, a well-known
EPS secreted by B. fragilis, known as polysaccharide A (PSA) can suppress the proinflammatory responses of IL-17 A by directly inducing IL-10 producing-Tregs and limit
the resistance of the pathogenic infection via TLR-2 signaling pathway [91-94,227-232]
and induce the expansion of the T-cell population and resolution of the aberrant TH1/TH2
imbalances [230] in GF mice. EPS secreted by B. fragilis also can induce a unique subset
of M2 macrophages in which this subset of macrophages can promote the secretion of
inhibitory cytokine IL-10 that can suppress the inflammatory responses via TLR-2
signaling pathway and protect the host from the chemically-induced colitis [233].
Sphingolipids, a particular type of EPS secreted by B. fragilis, can rescue mice from the
chemically-induced colitis which is due to the accumulation of the invariant natural killer
T-cells (iNKTs) [237]. In this case, the presence of sphingolipids can limit the the number
of iNKT cells, thus, it protect host from such an inflammatory-mediated colitis. As
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mentioned before, the nature and characteristics of EPS are dependent on the original
sources that they come from. For example, EPS secreted by B. breve can inhibit antibody
production [234] which reflects the nature of B.breve strains that participate in the host
gastrointestinal microbiota. B.breve bacteria probably have developed several microbial
products to restrict the host immune response to be able to reside in the host GI lumen. In
contrast, EPS secreted by L. kefiranofaciens can promote the proliferation of plasma cells
and induce the activation of the pro-inflammatory subset of macrophages [235-236].
Altogether, EPSs may play a role as an immune modulator. Since EPS possesses both
anti-and pro-inflammatory properties, we do not know its effects on macrophage
response in the intestinal immune system and whether EPS is present in our <10KDa
fractionates.
Taken together, our recent findings demonstrate the immuno-regulation of
commensal bacteria by secreting various factors that have different effects on
macrophages and modulate macrophage function. The next step is to identify the
characteristics of the molecules present in our bacterial supernatants. Further exploration
may lead to protential drug discoveries for the future treatment of gastrointestinal
disorders in humans.

CHAPTER FIVE
SUMMARY
In summary, the purpose of this project was to better understanded how
commensal bacteria are able to immuno-regulate the activity of intestinal macrophages in
the GI tract system. It was initially hypothesized that the secreted bacterial
factors/metabolites present in the bacterial suppernantant can suppress macrophage
activation. We discovered that different molecular weights of bacterial factors/
metabolites present in bacterial culture supernatants have different roles in macrophage
activation. In this case, different fractionates of bacterial supernatants (either <10KDa or
>10KDa fractionates) exerted different effects on macrophage activation. Specifically,
<10KDa fractionates of bacterial factors/ metabolites had a suppressive function on
macrophage activation after exposure toTLR or NLRP3 agonists in vitro as they
significantly inhibitd the secretion of pro-inflammatory (TNF-α, IL-6 and IL-1β
respectively) cytokines. In vivo these <10KDa fractionates of bacterial supernatants were
able to suppres neutrophil recruitment in the peritoneal cavity of mice upon LPS
stimulation. Furthermore, this suppression was also true in the presence of the artificial
epithelial cells as we employed the transwell system to test whether the presence of
<10KDa fractionates alone or in the combination with >10KDa fractionates could
suppress macrophage activation. As a result, the presence of <10KDa fractionates of
bacterial supernatants alone or in the combination with >10KDa fractionates resulted in
100
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significantly decreased secretion of pro-inflammatory cytokines (TNF-α or IL-1β) upon
the exposure of TLR or NLRP3 agonists respectively to macorphages. On the contrary,
we found that >10KDa fractionates could act as stimulator for macrophage macrophage;
and they required TLR2 to elicit pro-inflammatorr responses from macrophages.
These findings further supported the idea that commensal bacteria can
communicate with the host immune system through the secretion of microbial factors/
metabolites. Particularly, our study demonstrated that different molecular weights of
microbial factors/ metabolites exert different effects on the intestinal macrophages’
functions. Further studies should be conducted to elucidate the actual identities of
<10KDa probiotic factors present in our commensal supernatants. This identification
might provide a potential therapeutic agent to treat gastrointestinal disorders in humans
and a better understanding of the symbiotic relationship between host and mucosal
microbiota.

REFERENCES
1.

Whitman WB, Coleman DC, Wiebe WJ. Prokaryotes: The unseen
majority.Proceedings of the National Academy of Sciences of the United States of
America. 1998;95(12):6578-6583.

2.

The Human Microbiome Project Consortium. Structure, Function and Diversity of
the Healthy Human Microbiome. Nature. 2012;486(7402):207-214.

3.

Round JL, Mazmanian SK. The gut microbiome shapes intestinal immune
responses during health and disease. Nature reviews Immunology. 2009;9(5):313323.

4.

Guinane CM, Cotter PD. Role of the gut microbiota in health and chronic
gastrointestinal disease: understanding a hidden metabolic organ. Therapeutic
Advances in Gastroenterology. 2013;6(4):295-308.

5.

Jiménez E, Fernández L, Marín ML, Martín R, Odriozola JM, Nueno-Palop C,
Narbad A, Olivares M, Xaus J, Rodríguez JM. Isolation of commensal bacteria
from umbilical cord blood of healthy neonates born by cesarean section. Curr
Microbiol. 2005 Oct;51(4):270-4.

6.

Xu J, Gordon JI. Honor thy symbionts. Proceedings of the National Academy of
Sciences of the United States of America. 2003;100(18):10452-10459.

7.

Ley RE, Hamady M, Lozupone C, et al. Evolution of mammals and their gut
microbes. Science (New York, NY). 2008;320(5883):1647-1651.

8.

Hagey LR, Krasowski MD. Microbial Biotransformations of Bile Acids as Detected
by Electrospray Mass Spectrometry. Advances in Nutrition. 2013;4(1):29-35.

9.

Arpaia N, Campbell C, Fan X, et al. Metabolites produced by commensal bacteria
promote peripheral regulatory T cell generation. Nature. 2013;504(7480):451-455.

10.

Duboc H, Rajca S, Rainteau D, Benarous D, Maubert MA, Quervain E, Thomas G,
Barbu V, Humbert L, Despras G, Bridonneau C, Dumetz F, Grill JP, Masliah J,
Beaugerie L, Cosnes J, Chazouillères O, Poupon R, Wolf C, Mallet JM, Langella P,
Trugnan G, Sokol H, Seksik P. Metabolites produced by commensal bacteria
promote peripheral regulatory T-cell generation. Nature. 2013 Dec
19;504(7480):451-5.
102

11.

103
Vavassori P, Mencarelli A, Renga B, Distrutti E, Fiorucci S. The bile acid receptor
FXR is a modulator of intestinal innate immunity. J Immunol. 2009 Nov
15;183(10):6251-61.

12.

Wang YD, Chen WD, Yu D, Forman BM, Huang W. The G-protein-coupled bile
acid receptor, Gpbar1 (TGR5), negatively regulates hepatic inflammatory response
through antagonizing nuclear factor κ light-chain enhancer of activated B cells (NFκB) in mice. Hepatology. 2011 Oct;54(4):1421-32.

13.

Pols TW, Nomura M, Harach T, Lo Sasso G, Oosterveer MH, Thomas C, Rizzo G,
Gioiello A, Adorini L, Pellicciari R, Auwerx J, Schoonjans K.TGR5 activation
inhibits atherosclerosis by reducing macrophage inflammation and lipid loading.
Cell Metab. 2011 Dec 7;14(6):747-57.

14.

Maruyama T, Miyamoto Y, Nakamura T, Tamai Y, Okada H, Sugiyama E, et al.
Identification of membrane-type receptor for bile acids (M-BAR). Biochem
Biophys Res Commun. 2002;298:714–719.

15.

Donohoe DR, et al. The microbiome and butyrate regulate energy
metabolism andautophagy in the mammalian colon. Cell Metab. 2011;13:517–526.

16.

Maslowski KM, et al. Regulation of inflammatory responses by gut microbiota and
chemoattract receptor GPR43. Nature. 2009;461:1282–1286.

17.

Resta SC. Effects of probiotics and commensals on intestinal epithelial
physiology: implications for nutrient handling. J. Physiol. 2009;587:4169–4174.

18.

Claus SP, Tsang TM, Wang Y, et al. Systemic multicompartmental effects of the
gut microbiome on mouse metabolic phenotypes. Molecular Systems Biology.
2008;4:219.

19.

Claus SP, Ellero SL, Berger B, et al. Colonization-Induced Host-Gut Microbial
Metabolic Interaction. mBio. 2011;2(2):e00271-10. doi:10.1128/mBio.00271-10.

20.

Smith MI, Yatsunenko T, Manary MJ, et al. Gut microbiomes of Malawian twin
pairs discordant for kwashiorkor. Science (New York, NY). 2013;339(6119):548554.

21.

Trehan I, Goldbach H, LaGrone L, et al. Antibiotics as part of the management of
severe acute malnutrition. N Engl J Med. 2013;368:425-435

22.

Mestdagh R, Dumas ME, Rezzi S, Kochhar S, Holmes E, Claus SP, Nicholson JK.
Gut microbiota modulate the metabolism of brown adipose tissue in mice. J.
Proteome Res. 2012;11:620–630.

104
23.

Tannahill GM, et al. Succinate is an inflammatory signal that induces IL-1β through
HIF-1α. Nature. 2013;496:238–242

24.

Matsumoto M, Kibe R, Ooga T, Aiba Y, Kurihara S, Sawaki E, et al. Impact of the
intestinal microbiota on intestinal luminal metabolome. Scientific Reports. 2012;
23.

25.

Whitt DD, Demoss RD. Effect of microflora on the free amino acid distribution in
various regions of the mouse gastrointestinal tract. Appl Microbiol. 1975
Oct;30(4):609–615.

26.

Semova I, Carten JD, Stombaugh J, et al. Microbiota regulate intestinal absorption
and metabolism of fatty acids in the zebrafish. Cell host & microbe.
2012;12(3):10.1016/j.chom.2012.08.003.

27.

Backhed Fet al. The gut microbiota as an environmental factor that regulates fat
storage. Proceedings of the National Academy of Sciences of the United States of
America. 2004; 101: 15718–15723.

28.

Martin F-PJ, Dumas M-E, Wang Y, et al. A top-down systems biology view of
microbiome-mammalian metabolic interactions in a mouse model. Molecular
Systems Biology. 2007;3:112.

29.

Dumas M-E, Barton RH, Toye A, et al. Metabolic profiling reveals a contribution
of gut microbiota to fatty liver phenotype in insulin-resistant mice.Proceedings of
the National Academy of Sciences of the United States of America.
2006;103(33):12511-12516.

30.

Sartor RB. Microbial influences in inflammatory bowel diseases. Gastroenterology.
2008;134:577–594.

31.

Sartor RB. Genetics and environmental interactions shape the intestinal microbiome
to promote inflammatory bowel disease versus mucosal homeostasis.
Gastroenterology.2010 Dec;139(6):1816-9.

32.

Yu LC-H, Wang J-T, Wei S-C, Ni Y-H. Host-microbial interactions and regulation
of intestinal epithelial barrier function: From physiology to pathology.World
Journal of Gastrointestinal Pathophysiology. 2012;3(1):27-43.

33.

Lee SH, Starkey PM, Gordon S. Quantitative analysis of total macrophage
contentin adult mouse tissues. Immunochemical studies with monoclonal antibody
F4/80.J Exp Med. 1985 Mar 1;161(3):475–489.

105
34.

Momotani E, Whipple DL, Thiermann AB, Cheville NF. Role of M cells and
macrophages in the entrance of Mycobacterium paratuberculosis into domes of ileal
Peyer's patches in calves. Vet Pathol. 1988 Mar;25(2):131-7.

35.

Pfeffer K, Matsuyama T, Kundig TM, Wakeham A, Kishihara K, Shahinian A,
Wiegmann K, Ohashi PS, Krönke M, Mak TW. Mice deficient for the 55 kd tumor
necrosis factor receptor are resistant to endotoxic shock, yet succumb to L.
monocytogenes infection. Cell. 1993 May 7; 73(3): 457–467.

36.

Flynn JL, Goldstein MM, Chan J, Triebold KJ, Pfeffer K, Lowenstein CJ, Schreiber
R, Mak TW, Bloom BR. Tumor necrosis factor-alpha is required in the protective
immune response against Mycobacterium tuberculosis in mice. Immunity. 1995 Jun;
2(6):561–572.

37.

Smythies LE, Shen R, Bimczok D, Novak L, Clements RH, Eckhoff DE, Bouchard
P, George MD, Hu WK, Dandekar S, Smith PD. Inflammation anergy in human
intestinal macrophages is due to Smad-induced I-kappaB-alpha expression and NFkappa-B inactivation. J Biol Chem. 2010 Jun 18;285(25):19593-604.

38.

Freter R. Experimental enteric Shigella and Vibrio infections in mice and guinea
pigs. J Exp Med.1956;104:411–418.

39.

Hentges DJ, Stein AJ, Casey SW, Que JU. Protective role of intestinal flora against
infection with Pseudomonas aeruginosa in mice: influence of antibiotics on
colonization resistance. Infection and Immunity. 1985;47(1):118-122.

40.

Que JU, Hentges DJ. Effect of streptomycin administration on colonization
resistance to Salmonella typhimurium in mice. Infection and Immunity.
1985;48(1):169-174.

41.

Itoh K, Freter R. Control of Escherichia coli populations by a combination of
indigenous clostridia and lactobacilli in gnotobiotic mice and continuous-flow
cultures. Infection and Immunity. 1989;57(2):559-565.

42.

Stecher B, Macpherson AJ, Hapfelmeier S, Kremer M, Stallmach T, Hardt W-D.
Comparison of Salmonella enterica Serovar Typhimurium Colitis in Germfree
Mice and Mice Pretreated with Streptomycin . Infection and Immunity.
2005;73(6):3228-3241.

43.

Gevers D, Kugathasan S, Denson LA, et al. The treatment-naive
microbiome in new-onset Crohn's disease. Cell Host and Microbe. 2014;15:382–
392.

106
44.

Croswell A, Amir E, Teggatz P, Barman M, Salzman NH. Prolonged Impact of
Antibiotics on Intestinal Microbial Ecology and Susceptibility to
EntericSalmonella Infection. Infection and Immunity. 2009;77(7):2741-2753.

45.

Seretis C, Seretis F, Goonetilleke K. Appendicectomy and Clostridium difficile
infection: is there a link. J Clin Med Res. 2014;6:239–241.

46.

Chang JY, Antonopoulos DA, Kalra A, Tonelli A, Khalife WT, Schmidt TM, et al.
Decreased diversity of the fecal microbiome in recurrent Clostridium difficileassociated diarrhea. J Infect Dis. 2008;197:435–8.

47.

Burke KE, Lamont JT. Clostridium difficile Infection: A Worldwide Disease. Gut
and Liver. 2014;8(1):1-6.

48.

Hooper LV, Macpherson AJ. Immune adaptations that maintain homeostasis with
the intestinal microbiota. Nat Rev Immunol. 2010 Mar;10(3):159-69.

49.

Sekirov I, Finlay BB. The role of the intestinal microbiota in enteric infection.The
Journal of Physiology. 2009;587(Pt 17):4159-4167.

50.

The Human Microbiome Project Consortium. Structure, Function and Diversity of
the Healthy Human Microbiome. Nature. 2012;486(7402):207-214.

51.

Kawai T, Akira S. TLR signaling. Cell Death Differ. 2006;13:816–825.

52.

Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell.
2006 Feb 24;124(4):783-801.

53.

Fitzgerald KA, Palsson-McDermott EM, Bowie AG, Jefferies C, Mansell AS,
Brady G, et al. Mal (MyD88-adaptor-like) is required for Toll-like receptor-4 signal
transduction. Nature. 2001;413:78–83.

54.

Yamamoto M, Sato S, Mori K, Hoshino K, Takeuchi O, Takeda K, et al. Cutting
edge: a novel Toll/IL-1 receptor domain-containing adapter that preferentially
activates the IFN- promoter in the Tolllike receptor signaling. J Immunol.
2002;169:6668–72.

55.

Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, Birdwell D, Alejos E,
Silva M, Galanos C, Freudenberg M, Ricciardi-Castagnoli P, Layton B, Beutler B.
Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4
gene. Science. 1998 Dec 11;282(5396):2085-8.

107
56.

Schwandner R, Dziarski R, Wesche H, Rothe M, Kirschning CJ. Peptidoglycanand lipoteichoic acid-induced cell activation is mediated by toll-like receptor 2. J
Biol Chem. 1999 Jun 18;274(25):17406-9.

57.

Yoshimura A, Lien E, Ingalls RR, Tuomanen E, Dziarski R, Golenbock D. Cutting
edge: recognition of Gram-positive bacterial cell wall components by the innate
immune system occurs via Toll-like receptor 2. J Immunol. 1999 Jul 1;163(1):1-5.

58.

Cario E, Podolsky DK. Differential alteration in intestinal epithelial cell expression
of toll-like receptor 3(TLR3) and TLR4 in inflammatory bowel disease. Infect.
Immun. 2000;68:7010–701 7

59.

Melmed G, Thomas LS, Lee N, Tesfay SY, Lukasek K, Michelsen KS, Zhou Y, Hu
B, Arditi M, Abreu MT. Human intestinal epithelial cells are broadly unresponsive
to Toll-like receptor 2-dependent bacterial ligands: implications for host-microbial
interactions in the gut. J Immunol. 2003 Feb 1;170(3):1406-15.

60.

Bäckhed F, Meijer L, Normark S, Richter-Dahlfors A. TLR4-dependent recognition
of lipopolysaccharide by epithelial cells requires sCD14.Cell Microbiol. 2002
Aug;4(8):493-501.

61.

Miyazaki J, Kawai K, Oikawa T, Johraku A, Hattori K, Shimazui T, Akaza H.
roepithelial cells can directly respond to Mycobacterium bovis bacillus CalmetteGuérin through Toll-like receptor signalling. BJU Int. 2006 Apr;97(4):860-4.

62.

Cario E, Podolsky DK. Differential alteration in intestinal epithelial cell expression
of toll-like receptor 3 (TLR3) and TLR4 in inflammatory bowel disease. Infect
Immun. 2000 Dec;68(12):7010-7.

63.

Frolova L, Drastich P, Rossmann P, Klimesova K, Tlaskalova-Hogenova H.
Expression of Toll-like Receptor 2 (TLR2), TLR4, and CD14 in Biopsy Samples of
Patients With Inflammatory Bowel Diseases: Upregulated Expression of TLR2 in
Terminal Ileum of Patients With Ulcerative Colitis. Journal of Histochemistry and
Cytochemistry. 2008;56(3):267-274.

64.

Szebeni B, Veres G, Dezsõfi A, Rusai K, Vannay A, Mraz M, Majorova E, Arató
A. Increased expression of Toll-like receptor (TLR) 2 and TLR4 in the colonic
mucosa of children with inflammatory bowel disease. Clin Exp Immunol.
2008;151:34–41.

65.

Hausmann M, Kiessling S, Mestermann S, Webb G, Spöttl T, Andus T,
Schölmerich J, Herfarth H, Ray K, Falk W, Rogler G. Toll-like receptors 2 and 4
are up-regulated during intestinal inflammation. Gastroenterology. 2002
Jun;122(7):1987-2000.

108
66.

Fan Y, Liu B. Expression of Toll-like receptors in the mucosa of patients with
ulcerative colitis. Experimental and Therapeutic Medicine. 2015;9(4):1455-1459.

67.

Takeuchi O, Kaufmann A, Grote K, Kawai T, Hoshino K, Morr M, Mühlradt PF,
Akira S. Cutting edge: preferentially the R-stereoisomer of the mycoplasmal
lipopeptide macrophage-activating lipopeptide-2 activates immune cells through a
toll-like receptor 2- and MyD88-dependent signaling pathway. J Immunol. 2000 Jan
15;164(2):554-7.

68.

Underhill DM, Ozinsky A, Hajjar AM, Stevens A, Wilson CB, Bassetti M, Aderem
A. The Toll-like receptor 2 is recruited to macrophage phagosomes and
discriminates between pathogens. Nature. 1999 Oct 21;401(6755):811-5.

69.

Jin MS, Lee JO. Structures of the toll-like receptor family and its ligand complexes.
Immunity. 2008 Aug 15;29(2):182-91.

70.

Vickery BP, Burks AW. Immunotherapy in the treatment of food allergy: focus on
oral tolerance.Current Opinion in Allergy and Clinical Immunology.2009;9(4):364–
370.

71.

Faria AM, Weiner HL. Oral tolerance. Immunol Rev. 2005 Aug;206:232-59.

72.

Weiner HL, da Cunha AP, Quintana F, Wu H. Oral tolerance. Immunol
Rev.2011;241(1):241–259.

73.

Hadis U, Wahl B, Schulz O, et al. Intestinal tolerance requires gut homing and
expansion of FoxP3+ regulatory T cells in the lamina propria.Immunity.
2011;34(2):237–246.

74.

Krogulska A, Borowiec M, Polakowska E, Dynowski J, Młynarski W, WasowskaKrólikowska K . FOXP3, IL-10, and TGF-β Genes Expression in Children
with IgE-Dependent Food Allergy. Journal of Clinical
Immunology.2011;31(2):205–215.

75.

Yamashita H, Takahashi K, Tanaka H, Nagai H, Inagaki N. Overcoming food
allergy through acquired tolerance conferred by transfer of Tregs in a murine
model.Allergy.2012;67(2):201–209.

76.

Wang S, Villablanca EJ, De Calisto J, et al. MyD88-dependent TLR1/2 signals
educate dendritic cells with gut-specific imprinting properties. Journal of
immunology. 2011;187(1):141-150.

109
77.

Boeglin E, Smulski CR, Brun S, Milosevic S, Schneider P, Fournel S. Toll-Like
Receptor Agonists Synergize with CD40L to Induce Either Proliferation or Plasma
Cell Differentiation of Mouse B Cells. PLoS ONE. 2011;6(10):e25542.

78.

Jain S, Chodisetti SB, Agrewala JN (2011) CD40 Signaling Synergizes with TLR-2
in the BCR Independent Activation of Resting B Cells. PLoS ONE 6(6): e20651.

79.

Liang Y, Hasturk H, Elliot J, Noronha A, Liu X, Wetzler LM, Massari P, Kantarci
A, Winter HS, Farraye FA, Ganley-Leal LM. Toll-like receptor 2 induces mucosal
homing receptor expression and IgA production by human B cells. Clin Immunol.
2011 Jan;138(1):33-40.

80.

Latiff AHA, Kerr MA. The clinical significance of immunoglobulin A
deficiency.Annals of Clinical Biochemistry.2007;44(part 2):131–139.

81.

Janzi M, Kull I, Sjöberg R, et al. Selective IgA deficiency in early life: association
to infections and allergic diseases during childhood. Clinical
Immunology.2009;133(1):78–85.

82.

Kulis M, Saba K, Kim EH, et al. Increased peanut-specific IgA levels in saliva
correlate with food challenge outcomes after peanut sublingual immunotherapy.
Journal of Allergy and Clinical Immunology.2012;129(4):1159–1162.

83.

Strait RT, Mahler A, Hogan S, Khodoun M, Shibuya A, Finkelman FD. Ingested
allergens must be absorbed systemically to induce systemic anaphylaxis. The
Journal of allergy and clinical immunology. 2011;127(4):982-989.e1.

84.

Kucuk ZY, Strait R, Khodoun MV, Mahler A, Hogan S, Finkelman FD. Induction
and suppression of allergic diarrhea and systemic anaphylaxis in a murine model of
food allergy.Journal of Allergy and Clinical Immunology.2012;129(5):1343–1348.

85.

Frossard CP, Hauser C, Eigenmann PA. Antigen-specific secretory IgA antibodies
in the gut are decreased in a mouse model of food allergy. Journal of Allergy and
Clinical Immunology.2004;114(2):377– 382.

86.

Leonard SA, Martos G, Wang W, Nowak-Wegrzyn A, Berin MC. Oral
immunotherapy induces local protective mechanisms in the gastrointestinal mucosa.
Journal of Allergy and Clinical Immunology .2012;129(6):1579–1587

87.

Cario E, Gerken G, Podolsky DK. Toll-like receptor 2 enhances ZO-1-associated
intestinal epithelial barrier integrity via protein kinase
C.Gastroenterology.2004;127:224–238.

110
88.

Cario E, Gerken G, Podolsky DK. Toll-like receptor 2 controls mucosal
inflammation by regulating epithelial barrier function. Gastroenterology
.2007;132:1359–1374.

89.

Magalhães K, Almeida PE, Atella G, Maya-Monteiro CM, Castro-Faria-Neto H,
Pelajo-Machado M, Lenzi HL, Bozza MT, Bozza PT.S chistosomal‐derived
lysophosphatidylcholine are involved in eosinophil activation and recruitment
through Toll‐like receptor-2-dependent mechanisms. J Infect Dis. 2010 Nov
1;202(9):1369-79.

90.

Albert EJ, Duplisea J, Dawicki W, Haidl ID, Marshall JS. Tissue Eosinophilia in a
Mouse Model of Colitis Is Highly Dependent on TLR2 and Independent of Mast
Cells. The American Journal of Pathology. 2011;178(1):150-160.

91.

Round JL, Mazmanian SK. Inducible Foxp3+ regulatory T-cell development by a
commensal bacterium of the intestinal microbiota. Proceedings of the National
Academy of Sciences of the United States of America. 2010;107(27):12204-12209.

92.

Round JL, Lee SM, Li J, et al. The Toll-like receptor pathway establishes
commensal gut colonization. Science (New York, NY). 2011;332(6032):974-977.

93.

Jeon SG, Kayama H, Ueda Y, et al. Probiotic Bifidobacterium breve Induces IL-10Producing Tr1 Cells in the Colon. PLoS Pathogens. 2012;8(5):e1002714.

94.

Ochoa-Repáraz J, Mielcarz DW, Wang Y, Begum-Haque S, Dasgupta S, Kasper
DL, Kasper LH. A polysaccharide from the human commensal Bacteroides fragilis
protects against CNS demyelinating disease.Mucosal Immunol. 2010 Sep;3(5):48795.

95.

Tsukamoto H, Fukudome K, Takao S, Tsuneyoshi N, Kimoto M.
Lipopolysaccharide-binding protein-mediated Toll-like receptor 4 dimerization
enables rapid signal transduction against lipopolysaccharide stimulation on
membrane-associated CD14-expressing cells. Int Immunol. 2010 Apr;22(4):271-80.

96.

Kim HM, Park BS, Kim JI, Kim SE, Lee J, Oh SC, Enkhbayar P, Matsushima N,
Lee H, Yoo OJ, Lee JO. Crystal structure of the TLR4-MD-2 complex with bound
endotoxin antagonist Eritoran. Cell. 2007 Sep 7;130(5):906-17.

97.

Akashi S, Saitoh S, Wakabayashi Y, et al. Lipopolysaccharide Interaction with Cell
Surface Toll-like Receptor 4-MD-2: Higher Affinity than That with MD-2 or
CD14. The Journal of Experimental Medicine. 2003;198(7):1035-1042.

98.

99.

111
Fukata M, Hernandez Y, Conduah D, et al. Innate immune signaling by Toll-like
receptor-4 (TLR4) shapes the inflammatory microenvironment in colitis-associated
tumors. Inflammatory bowel diseases. 2009;15(7):997-1006.
Brint EK, Xu D, Liu H, Dunne A, McKenzie AN, O'Neill LA, Liew FY. ST2 is an
inhibitor of interleukin 1 receptor and Toll-like receptor 4 signaling and maintains
endotoxin tolerance. Nat Immunol. 2004 Apr;5(4):373-9.

100. Caramalho I, Lopes-Carvalho T, Ostler D, Zelenay S, Haury M, Demengeot J.
Regulatory T cells selectively express toll-like receptors and are activated by
lipopolysaccharide. J Exp Med. 2003 Feb 17;197(4):403-11.
101. Fritz JH, Ferrero RL, Philpott DJ, Girardin SE. Nod-like proteins in immunity,
inflammation and disease. Nat Immunol. 2006 Dec;7(12):1250-7.
102. Bouskra D, Brézillon C, Bérard M, Werts C, Varona R, Boneca IG, Eberl G.
Lymphoid tissue genesis induced by commensals through NOD1 regulates
intestinal homeostasis. Nature. 2008 Nov 27;456(7221):507-10.
103. Ogura Y, Inohara N, Benito A, Chen FF, Yamaoka S, Nunez G. Nod2, a
Nod1/Apaf-1 family member that is restricted to monocytes and activates NF
kappaB. J Biol Chem. 2001 Feb 16;276(7):4812-8.
104. Tada H, Aiba S, Shibata K-I, Ohteki T, Takada H. Synergistic Effect of Nod1 and
Nod2 Agonists with Toll-Like Receptor Agonists on Human Dendritic Cells To
Generate Interleukin-12 and T Helper Type 1 Cells . Infection and Immunity.
2005;73(12):7967-7976.
105. Voss E, Wehkamp J, Wehkamp K, Stange EF, Schröder JM, Harder J.
NOD2/CARD15 mediates induction of the antimicrobial peptide human betadefensin-2. J Biol Chem. 2006 Jan 27;281(4):2005-11. Epub 2005 Nov 30
106. Hisamatsu T, Suzuki M, Reinecker HC, Nadeau WJ, McCormick BA, Podolsky
DK. CARD15/NOD2 functions as an antibacterial factor in human intestinal
epithelial cells. Gastroenterology. 2003 Apr;124(4):993-1000.
107. Uehara A, Fujimoto Y, Fukase K, Takada H. Various human epithelial cells express
functional Toll-like receptors, NOD1 and NOD2 to produce anti-microbial peptides,
but not proinflammatory cytokines. Mol Immunol.2007;44:3100–3111
108. Cho JH. The genetics and immunopathogenesis of inflammatory bowel disease. Nat
Rev Immunol. 2008 Jun;8(6):458-66.

112
109. Petnicki-Ocwieja T, Hrncir T, Liu Y-J, et al. Nod2 is required for the regulation of
commensal microbiota in the intestine. Proceedings of the National Academy of
Sciences of the United States of America. 2009;106(37):15813-15818.
110. Kobayashi KS, Chamaillard M, Ogura Y, Henegariu O, Inohara N, Nuñez G,
Flavell RA. Nod2-dependent regulation of innate and adaptive immunity in the
intestinal tract. Science. 2005 Feb 4;307(5710):731-4.
111. Vaishnava S, Behrendt CL, Ismail AS, Eckmann L, Hooper LV. Paneth cells
directly sense gut commensals and maintain homeostasis at the intestinal hostmicrobial interface. Proceedings of the National Academy of Sciences of the United
States of America. 2008;105(52):20858-20863.
112. Salzman NH, Hung K, Haribhai D, et al. Enteric defensins are essential regulators
of intestinal microbial ecology. Nature immunology. 2010;11(1):76-83.
113. Franchi L, Eigenbrod T, Muñoz-Planillo R, Nuñez G. The Inflammasome: A
Caspase-1 Activation Platform Regulating Immune Responses and Disease
Pathogenesis. Nature immunology. 2009;10(3):241.
114. Elinav E, Strowig T, Kau AL, et al. NLRP6 inflammasome is a regulator of colonic
microbial ecology and risk for colitis. Cell. 2011;145(5):745-757.
115. Hu B, Elinav E, Huber S, et al. Microbiota-induced activation of epithelial IL-6
signaling links inflammasome-driven inflammation with transmissible
cancer.Proceedings of the National Academy of Sciences of the United States of
America. 2013;110(24):9862-9867.
116. Broz P, Newton K, Lamkanfi M, Mariathasan S, Dixit VM, Monack DM.
Redundant roles for inflammasome receptors NLRP3 and NLRC4 in host defense
against Salmonella. The Journal of Experimental Medicine. 2010;207(8):17451755.
117. Franchi L, Kamada N, Nakamura Y, et al. NLRC4-driven interleukin-1β production
discriminates between pathogenic and commensal bacteria and promotes host
intestinal defense. Nature immunology. 2012;13(5):449-456.
118. Iliev ID, Funari VA, Taylor KD, et al. Interactions between commensal fungi and
the C-type lectin receptor Dectin-1 influence colitis. Science (New York, NY).
2012;336(6086):1314-1317.
119. Cardoso CR, Teixeira G, Provinciatto PR, et al. Modulation of mucosal immunity
in a murine model of food-induced intestinal inflammation.Clin Exp Allergy.
2008;38:338–49.

113
120. Bischoff S, Crowe SE. Gastrointestinal food allergy: new insights into
pathophysiology and clinical perspectives. Gastroenterology.2005;128:1089–113.
121. Mowat AM. Anatomical basis of tolerance and immunity to intestinal antigens. Nat
Rev Immunol.2003;3:331–41
122. Marone G, Triggiani M, Genovese A, De Paulis A. Role of human mast cells and
basophils in bronchial asthma. Adv Immunol. 2005; 88: 97–160.
123. Yu CK, Chen CL. Activation of mast cells is essential for development of house
dust mite Dermatophagoides farinae-induced allergic airway inflammation in
mice. J Immunol. 2003; 171: 3808–15.
124. Vliagoftis H, Befus AD. Rapidly changing perspectives about mast cells at mucosal
surfaces. Immunol Rev. 2005; 206: 190–203.
125. Kalesnikoff J, Galli SJ. Anaphylaxis: mechanisms of mast cell activation.Chem
Immunol Allergy. 2010; 95: 45–66.
126. Hennino A, Bérard F, Guillot I, Saad N, Rozières A, Nicolas JF. Pathophysiology
of urticaria. Clin Rev Allergy Immunol. 2006; 30: 3–11.
127. Pettipher R, Hansel TT, Armer R. Antagonism of the prostaglandin D2 receptors
DP1 and CRTH2 as an approach to treat allergic diseases. Nat Rev Drug
Discov. 2007; 6: 313–25.
128. Rodewald HR, Dessing M, Dvorak AM, Galli SJ. Identification of a committed
precursor for the mast cell lineage. Science. 1996; 271: 818-22.
129. Yamaguchi M, Lantz CS, Oettgen HC et al. IgE enhances mouse mast cell FceRI
expression in vitro and in vivo: evidence for a novel amplification mechanism in
IgE-dependent reactions. J Exp Med. 1997; 185: 663-72 41
130. Yamaguchi M, Sayama K, Yano K, Lantz CS, Noben-Trauth N, Ra C, Costa JJ,
Galli SJ. IgE enhances Fc epsilon receptor I expression and IgE-dependent release
of histamine and lipid mediators from human umbilical cord blood-derived mast
cells: synergistic effect of IL-4 and IgE on human mast cell Fc epsilon receptor I
expression and mediator release. J Immunol. 1999 May 1;162(9):5455-65.
131. Michael JG. The role of digestive enzymes in orally induced immune
tolerance.Immunol Invest. 1989 Nov-Dec;18(9-10):1049-54.

114
132. Barone KS, Reilly MR, Flanagan MP, Michael JG. Abrogation of oral tolerance by
feeding encapsulated antigen. Cell Immunol. 2000;199:65–72
133. Toomer OT, Do A, Pereira M, Williams K. Effect of simulated gastric and intestinal
digestion on temporal stability and immunoreactivity of peanut, almond, and pine
nut protein allergens. J Agric Food Chem. 2013 Jun 19;61(24):5903-13.
134. Gabe SM, Bjarnason I, Tolou-Ghamari Z, Tredger JM, Johnson PG, Barclay GR,
Williams R, Silk DB. Gastroenterology. 1998 Jul;115(1):67-74
135. Strachan DP. Hay fever, hygiene, and household size. BMJ. 1989 Nov 18;
299(6710):1259-60.
136. Penders J, Thijs C, Vink C, Stelma FF, Snijders B, Kummeling I, van den Brandt
PA, Stobberingh EE. Factors influencing the composition of the intestinal
microbiota in early infancy. Pediatrics. 2006 Aug;118(2):511-21.
137. Tanaka S, Kobayashi T, Songjinda P, Tateyama A, Tsubouchi M, Kiyohara C,
Shirakawa T, Sonomoto K, Nakayama J. Influence of antibiotic exposure in the
early postnatal period on the development of intestinal microbiota. FEMS Immunol
Med Microbiol. 2009 Jun;56(1):80-7.
138. Penders J, Vink C, Driessen C, London N, Thijs C, Stobberingh EE. Quantification
of Bifidobacterium spp., Escherichia coli and Clostridium difficile in faecal samples
of breast-fed and formula-fed infants by real-time PCR. FEMS Microbiol Lett. 2005
Feb 1;243(1):141-7.
139. Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, Gordon JI. The Effect of
Diet on the Human Gut Microbiome: A Metagenomic Analysis in Humanized
Gnotobiotic Mice. Science translational medicine. 2009;1(6):6ra14.
140. O'Mahony SM, Marchesi JR, Scully P, Codling C, Ceolho AM, Quigley EM, Cryan
JF, Dinan TG. Early life stress alters behavior, immunity, and microbiota in rats:
implications for irritable bowel syndrome and psychiatric illnesses. Biol Psychiatry.
2009 Feb 1;65(3):263-7.
141. Bailey MT, Lubach GR, Coe CL. Prenatal stress alters bacterial colonization of the
gut in infant monkeys. J Pediatr Gastroenterol Nutr. 2004 Apr;38(4):414-21.
142. Hopkins MJ, Sharp R, Macfarlane GT. Variation in human intestinal microbiota
with age. Dig Liver Dis. 2002 Sep;34 Suppl 2:S12-8.

115
143. Schmidt B, Mulder IE, Musk CC, et al. Establishment of Normal Gut Microbiota Is
Compromised under Excessive Hygiene Conditions. PLoS ONE.
2011;6(12):e28284.
144. Stefka AT, Feehley T, Tripathi P, et al. Commensal bacteria protect against food
allergen sensitization. Proceedings of the National Academy of Sciences of the
United States of America. 2014;111(36):13145-13150.
145. Atarashi K, Tanoue T, Shima T, et al. Induction of Colonic Regulatory T Cells by
Indigenous Clostridium Species. Science (New York, NY). 2011;331(6015):337-341.
146. Bollrath J, Powrie FM. Controlling the frontier: regulatory T-cells and intestinal
homeostasis. Semin Immunol. 2013 Nov 30;25(5):352-7.
147. Sonnenberg GF, Fouser LA, Artis D. Border patrol: regulation of immunity,
inflammation and tissue homeostasis at barrier surfaces by IL-22. Nat Immunol.
2011 May;12(5):383-90.
148. Sabat R, Ouyang W, Wolk K. Therapeutic opportunities of the IL- 22-IL-22R1
system. Nat Rev Drug Discov. 2014 Jan;13(1):21-38.
149. Sonnenberg GF, Monticelli LA, Alenghat T, Fung TC, Hutnick NA, Kunisawa J,
Shibata N, Grunberg S, Sinha R, Zahm AM, Tardif MR, Sathaliyawala T, Kubota
M, Farber DL, Collman RG, Shaked A, Fouser LA, Weiner DB, Tessier PA,
Friedman JR, Kiyono H, Bushman FD, Chang KM, Artis D. Innate lymphoid cells
promote anatomical containment of lymphoid-resident commensal bacteria.
Science. 2012 Jun 8;336(6086):1321-5.
150. Zheng Y, Valdez PA, Danilenko DM, Hu Y, Sa SM, Gong Q, Abbas AR, Modrusan
Z, Ghilardi N, de Sauvage FJ, Ouyang W. Interleukin-22 mediates early host
defense against attaching and effacing bacterial pathogens. Nat Med. 2008
Mar;14(3):282-9.
151. Kirchberger S, Royston DJ, Boulard O, et al. Innate lymphoid cells sustain colon
cancer through production of interleukin-22 in a mouse model. The Journal of
Experimental Medicine. 2013;210(5):917-931.
152. Pickert G, Neufert C, Leppkes M, Zheng Y, Wittkopf N, Warntjen M, Lehr HA,
Hirth S, Weigmann B, Wirtz S, Ouyang W, Neurath MF, Becker C. STAT3 links
IL-22 signaling in intestinal epithelial cells to mucosal wound healing. J Exp Med.
2009 Jul 6;206(7):1465-72.

116
153. Sugimoto K, Ogawa A, Mizoguchi E, et al. IL-22 ameliorates intestinal
inflammation in a mouse model of ulcerative colitis. The Journal of Clinical
Investigation. 2008;118(2):534-544.
154. van der Flier LG, Clevers H. Stem cells, self-renewal, and differentiation in the
intestinal epithelium . Annu Rev Physiol. 2009;71:241-60.
155. Marsh MN. Digestive-absorptive functions of the enterocyte. Ann R Coll Surg Engl.
1971 Jun;48(6):356-68
156. Kim YS, Ho SB. Intestinal goblet cells and mucins in health and disease: recent
insights and progress. Curr Gastroenterol Rep. 2010 Oct;12(5):319-30
157. Gallo RL, Hooper LV. Epithelial antimicrobial defence of the skin and intestine.
Nat Rev Immunol. 2012 Jun 25;12(7):503-16.
158. Johansson MEV, Phillipson M, Petersson J, Velcich A, Holm L, Hansson GC. The
inner of the two Muc2 mucin-dependent mucus layers in colon is devoid of
bacteria. Proceedings of the National Academy of Sciences of the United States of
America. 2008;105(39):15064-15069.
159. Velcich A, Yang W, Heyer J, Fragale A, Nicholas C, Viani S, Kucherlapati R,
Lipkin M, Yang K, Augenlicht L. Colorectal cancer in mice genetically deficient in
the mucin Muc2. Science. 2002 Mar 1;295(5560):1726-9.
160. Elinav E, Strowig T, Kau AL, Henao-Mejia J, Thaiss CA, Booth CJ, Peaper DR,
Bertin J, Eisenbarth SC, Gordon JI, Flavell RA. NLRP6 inflammasome is a
regulator of colonic microbial ecology and risk for colitis. Cell. 2011;145(5):745757.
161. Taupin DR, Kinoshita K, Podolsky DK. Intestinal trefoil factor confers colonic
epithelial resistance to apoptosis. Proceedings of the National Academy of Sciences
of the United States of America. 2000;97(2):799-804.
162. Dignass A, Lynch-Devaney K, Kindon H, Thim L, Podolsky DK. Trefoil peptides
promote epithelial migration through a transforming growth factor beta-independent
pathway. Journal of Clinical Investigation. 1994;94(1):376-383.
163. Artis D, Wang ML, Keilbaugh SA, et al. RELMβ/FIZZ2 is a goblet cell-specific
immune-effector molecule in the gastrointestinal tract. Proceedings of the National
Academy of Sciences of the United States of America. 2004;101(37):13596-13600.

117
164. Nair MG, Guild KJ, Du Y, et al. Goblet Cell-Derived Resistin-Like
Molecule βAugments CD4+ T Cell Production of IFN-γ and Infection-Induced
Intestinal Inflammation. Journal of immunology (Baltimore, Md : 1950).
2008;181(7):4709.
165. Podolsky DK, Gerken G, Eyking A, Cario E. Colitis-associated variant of TLR2
causes impaired mucosal repair due to TFF3 deficiency. Gastroenterology.
2009;137(1):209-220.
166. Bevins CL, Salzman NH. Paneth cells, antimicrobial peptides and maintenance of
intestinal homeostasis. Nat Rev Microbiol. 2011 May;9(5):356-68.
167. Mukherjee S, Zheng H, Derebe M, et al. Antibacterial membrane attack by a poreforming intestinal C-type lectin. Nature. 2014;505(7481):103-107.
168. Meyer-Hoffert U, Hornef MW, Henriques-Normark B, Axelsson LG, Midtvedt T,
Pütsep K, Andersson M. Secreted enteric antimicrobial activity localises to the
mucus surface layer. Gut. 2008 Jun;57(6):764-71.
169. Johansen F-E, Kaetzel C. Regulation of the polymeric immunoglobulin receptor
and IgA transport: New advances in environmental factors that stimulate pIgR
expression and its role in mucosal immunity. Mucosal immunology. 2011;4(6):598602.
170. Johansen F-E, Pekna M, Norderhaug IN, et al. Absence of Epithelial
Immunoglobulin a Transport, with Increased Mucosal Leakiness, in Polymeric
Immunoglobulin Receptor/Secretory Component–Deficient Mice. The Journal of
Experimental Medicine. 1999;190(7):915-922.
171. Shulzhenko N, Morgun A, Hsiao W, et al. Crosstalk between B lymphocytes,
microbiota and the intestinal epithelium governs immunity versus metabolism in the
gut. Nature medicine. 2011;17(12):1585-1593.
172. Suzuki K, Meek B, Doi Y, et al. Aberrant expansion of segmented filamentous
bacteria in IgA-deficient gut. Proceedings of the National Academy of Sciences of
the United States of America. 2004;101(7):1981-1986.
173. Strugnell RA, Wijburg OL. The role of secretory antibodies in infection
immunity. Nat Rev Microbiol. 2010; 8: 656–667.
174. Kawamoto S, Tran TH, Maruya M, Suzuki K, Doi Y, Tsutsui Y, Kato LM,
Fagarasan S. The inhibitory receptor PD-1 regulates IgA selection and bacterial
composition in the gut.Science. 2012 Apr 27;336(6080):485-9.

118
175. Mabbott NA, Donaldson DS, Ohno H, Williams IR, Mahajan A. Microfold (M)
cells: important immunosurveillance posts in the intestinal epithelium. Mucosal
immunology. 2013;6(4):666-677.
176. Fukuda S, Toh H, Hase K, Oshima K, Nakanishi Y, Yoshimura K, Tobe T, Clarke
JM, Topping DL, Suzuki T, Taylor TD, Itoh K, Kikuchi J, Morita H, Hattori M,
Ohno H. Bifidobacteria can protect from enteropathogenic infection through
production of acetate. Nature. 2011 Jan 27;469(7331):543-7.
177. O’Hara AM, O’Regan P, Fanning Á, et al. Functional modulation of human
intestinal epithelial cell responses by Bifidobacterium infantis and Lactobacillus
salivarius. Immunology. 2006;118(2):202-215.
178. Vora P, Youdim A, Thomas LS, Fukata M, Tesfay SY, Lukasek K, Michelsen KS,
Wada A, Hirayama T, Arditi M, Abreu MT. Beta-defensin-2 expression is regulated
by TLR signaling in intestinal epithelial cells. J Immunol. 2004 Nov 1;173(9):5398405.
179. Omagari D, Takenouchi-Ohkubo N, Endo S, et al. Nuclear factor kappa B plays a
pivotal role in polyinosinic-polycytidylic acid-induced expression of human βdefensin 2 in intestinal epithelial cells. Clinical and Experimental Immunology.
2011;165(1):85-93.
180. Rumio C, Sommariva M, Sfondrini L, Palazzo M, Morelli D, Viganò L, De Cecco
L, Tagliabue E, Balsari A. Induction of Paneth cell degranulation by orally
administered Toll-like receptor ligands. J Cell Physiol. 2012 Mar;227(3):1107-13.
181. Umesaki Y, Okada Y, Matsumoto S, Imaoka A, Setoyama H. Segmented
filamentous bacteria are indigenous intestinal bacteria that activate intraepithelial
lymphocytes and induce MHC class II molecules and fucosyl asialo GM1
glycolipids on the small intestinal epithelial cells in the ex-germ-free mouse.
Microbiol Immunol. 1995;39(8):555-62.
182. Pickard JM, Maurice CF, Kinnebrew MA, Kinnebrew MA, Abt MC, Schenten D,
Golovkina TV, Bogatyrev SR, Ismagilov RF, Pamer EG, Turnbaugh PJ,
Chervonsky AV. Rapid fucosylation of intestinal epithelium sustains hostcommensal symbiosis in sickness. Nature. 2014;514(7524):638-641.
183. Wei M, Shinkura R, Doi Y, Maruya M, Fagarasan S, Honjo T. Mice carrying a
knock-in mutation of Aicda resulting in a defect in somatic hypermutation have
impaired gut homeostasis and compromised mucosal defense. Nat Immunol. 2011
Mar;12(3):264-70.

119
184. Fagarasan S, Muramatsu M, Suzuki K, Nagaoka H, Hiai H, Honjo T. Critical roles
of activation-induced cytidine deaminase in the homeostasis of gut flora.Science.
2002 Nov 15; 298(5597):1424-7.
185. Peterson DA, McNulty NP, Guruge JL, Gordon JI. IgA response to symbiotic
bacteria as a mediator of gut homeostasis. Cell Host Microbe. 2007 Nov
15;2(5):328-39.
186. He B, Xu W, Santini P, Polydorides A, Chiu A, Estrella J, Shan M, Chadburn A,
Villanacci V, Plebani A, Knowles DM, Rescigno M, Cerutti A. Intestinal bacteria
induce T cell-independent immunoglobulin A2 class switching by triggering
epithelial-cell secretion of the cytokine APRIL. Immunity 2007, 26:812-826.
187. Macpherson AJ, Gatto D, Sainsbury E, Harriman GR, Hengartner H, Zinkernagel
RM. A primitive T cell-independent mechanism of intestinal mucosal IgA
responses to commensal bacteria. Science. 2000;288:2222–2226.
188. Macpherson AJ, Uhr T. Induction of protective IgA by intestinal dendritic cells
carrying commensal bacteria.Science. 2004;303:1662–1665
189. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R.
Recognition of commensal microflora by toll-like receptors is required for intestinal
homeostasis. Cell. 2004 Jul 23;118(2):229-41.
190. Shirkey TW, Siggers RH, Goldade BG, Marshall JK, Drew MD, Laarveld B, Van
Kessel AG. Effects of commensal bacteria on intestinal morphology and expression
of proinflammatory cytokines in the gnotobiotic pig.Exp Biol Med. 2006;231:1333–
1345.
191. Willing BP, Van Kessel AG. Enterocyte proliferation and apoptosis in the caudal
small intestine is influenced by the composition of colonizing commensal bacteria
in the neonatal gnotobiotic pig. J Anim Sci. 2007;85:3256–3266.
192. Danielsen M, Hornshøj H, Siggers RH, Jensen BB, van Kessel AG, Bendixen E.
Effects of bacterial colonization on the porcine intestinal proteome. J Proteome
Res. 2007;6:2596–2604.
193. Kozakova H, Kolinska J, Lojda Z, Rehakova Z, Sinkora J, Zakostelecka M,
Splichal I, Tlaskalova-Hogenova H. Effect of bacterial monoassociation on brushborder enzyme activities in ex-germ-free piglets: comparison of commensal and
pathogenic Escherichia coli strains. Microbes Infect. 2006;8:2629–2639.

120
194. Pull SL, Doherty JM, Mills JC, Gordon JI, Stappenbeck TS. Activated macrophages
are an adaptive element of the colonic epithelial progenitor niche necessary for
regenerative responses to injury. Proceedings of the National Academy of Sciences
of the United States of America 2005;102:99–104.
195. Hooper LV, Wong MH, Thelin A, Hansson L, Falk PG, Gordon JI. Molecular
analysis of commensal host-microbial relationships in the intestine. Science. 2001
Feb 2;291(5505):881-4.
196. Petersson J, Schreiber O, Hansson GC, Gendler SJ, Velcich A, Lundberg JO, Roos
S, Holm L, Phillipson M. Importance and regulation of the colonic mucus barrier in
a mouse model of colitis. Am J Physiol Gastrointest Liver Physiol. 2011
Feb;300(2):G327-33.
197. Lee J, Mo JH, Katakura K, Alkalay I, Rucker AN, Liu YT, Lee HK, Shen C,
Cojocaru G, Shenouda S, Kagnoff M, Eckmann L, Ben-Neriah Y, Raz E.
Maintenance of colonic homeostasis by distinctive apical TLR9 signalling in
intestinal epithelial cells. Nat Cell Biol. 2006 Dec;8(12):1327-36.
198. Katakura K, Lee J, Rachmilewitz D, Li G, Eckmann L, Raz E. Toll-like receptor 9–
induced type I IFN protects mice from experimental colitis. Journal of Clinical
Investigation. 2005;115(3):695-702.
199. Mileti E, Matteoli G, Iliev ID, Rescigno M. Comparison of the Immunomodulatory
Properties of Three Probiotic Strains of Lactobacilli Using Complex Culture
Systems: Prediction for In Vivo Efficacy. PLoS One. 2009 Sep 16;4(9):e7056.
200. He B, Xu W, Santini P, Polydorides A, Chiu A, Estrella J, Shan M, Chadburn A,
Villanacci V, Plebani A, Knowles DM, Rescigno M, Cerutti A. Intestinal bacteria
induce T cell-independent immunoglobulin A2 class switching by triggering
epithelial-cell secretion of the cytokine APRIL. Immunity 2007, 26:812-826.
201. Xu W, He B, Chiu A, Chadburn A, Shan M, Buldys M, Ding A, Knowles DM,
Santini PA, Cerutti A. Epithelial cells trigger frontline immunoglobulin class
switching through a pathway regulated by the inhibitor SLPI. Nat Immunol. 2007
Mar;8(3):294-303. Epub 2007 Jan 28.
202. Mora JR, Iwata M, Eksteen B, Song SY, Junt T, Senman B, Otipoby KL, Yokota A,
Takeuchi H, Ricciardi-Castagnoli P, Rajewsky K, Adams DH, von Andrian UH.
Generation of gut-homing IgA-secreting B cells by intestinal dendritic cells.
Science. 2006 Nov 17;314(5802):1157-60.

121
203. Xiao S, Jin H, Korn T, Liu SM, Oukka M, Lim B, Kuchroo VK. Retinoic acid
increases Foxp3+ regulatory T cells and inhibits development of Th17 cells by
enhancing TGF-beta-driven Smad3 signaling and inhibiting IL-6 and IL-23 receptor
expression. J Immunol. 2008 Aug 15;181(4):2277-84.
204. Iliev ID, Mileti E, Matteoli G, Chieppa M, Rescigno M. Intestinal epithelial cells
promote colitis-protective regulatory T-cell differentiation through dendritic cell
conditioning. Mucosal Immunol. 2009 Jul;2(4):340-50.
205. Schulz O, Jaensson E, Persson EK, et al. Intestinal CD103+, but not CX3CR1+,
antigen sampling cells migrate in lymph and serve classical dendritic cell
functions. The Journal of Experimental Medicine. 2009;206(13):3101-3114.
206. McDole JR, Wheeler LW, McDonald KG, et al. Goblet cells deliver luminal
antigen to CD103+ DCs in the small intestine. Nature. 2012;483(7389):345-349.
207. McGuirk P, McCann C, Mills KHG. Pathogen-specific T Regulatory 1 Cells
Induced in the Respiratory Tract by a Bacterial Molecule that Stimulates Interleukin
10 Production by Dendritic Cells: A Novel Strategy for Evasion of Protective T
Helper Type 1 Responses by Bordetella pertussis. The Journal of Experimental
Medicine. 2002;195(2):221-231.
208. Edwards AD, Manickasingham SP, Spörri R, Diebold SS, Schulz O, Sher A,
Kaisho T, Akira S, Reis e Sousa C. Microbial recognition via Toll-like receptordependent and -independent pathways determines the cytokine response of murine
dendritic cell subsets to CD40 triggering. J Immunol. 2002 Oct 1;169(7):3652-60.
209. Horwitz DA, Zheng SG, Gray JD. The role of the combination of IL-2 and TGFbeta or IL-10 in the generation and function of CD4+ CD25+ and CD8+ regulatory
T cell subsets. J Leukoc Biol. 2003;74:471-478
210. Gaboriau-Routhiau V, Rakotobe S, Lécuyer E, Mulder I, Lan A, Bridonneau C,
Rochet V, Pisi A, De Paepe M, Brandi G, Eberl G, Snel J, Kelly D, Cerf-Bensussan
N. The key role of segmented filamentous bacteria in the coordinated maturation of
gut helper T cell responses. Immunity. 2009 Oct 16;31(4):677-89
211. Mazmanian SK, Round JL, Kasper DL. A microbial symbiosis factor prevents
intestinal inflammatory disease. Nature. 2008 May 29;453(7195):620-5.
212. Atarashi K, Tanoue T, Oshima K, Suda W, Nagano Y, Nishikawa H, Fukuda S,
Saito T, Narushima S, Hase K, Kim S, Fritz JV, Wilmes P, Ueha S, Matsushima K,
Ohno H, Olle B, Sakaguchi S, Taniguchi T, Morita H, Hattori M, Honda K. Nature.
2013 Aug 8;500(7461):232-6.

122
213. Ivanov II, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz U, Wei D, Goldfarb
KC, Santee CA, Lynch SV, Tanoue T, Imaoka A, Itoh K, Takeda K, Umesaki Y,
Honda K, Littman DR. Induction of intestinal Th17 cells by segmented filamentous
bacteria. Cell. 2009 Oct 30;139(3):485-98.
214. Zaph C, Du Y, Saenz SA, Nair MG, Perrigoue JG, Taylor BC, Troy AE, Kobuley
DE, Kastelein, RA, Cua DJ, Yu Y, Artis D. Commensal-dependent expression of
IL-25 regulates the IL-23-IL-17 axis in the intestine. J Exp Med. 2008 Sep
29;205(10):2191-8.
215. Sawa S, Lochner M, Satoh-Takayama N, Dulauroy S, Bérard M, Kleinschek M,
Cua D, Di Santo JP, Eberl G. Nat Immunol. 2011 Apr;12(4):320-6.
216. Bergman EN. Energy contributions of volatile fatty acids from the gastrointestinal
tract in various species. Physiol Rev. 1990 Apr;70(2):567-90.
217. Binder HJ. Role of colonic short-chain fatty acid transport in diarrhea. Annu Rev
Physiol. 2010;72:297-313.
218. Gao Z, Yin J, Zhang J, Ward RE, Martin RJ, Lefevre M, Cefalu WT, Ye J. Butyrate
improves insulin sensitivity and increases energy expenditure in mice. Diabetes.
2009 Jul;58(7):1509-17.
219. Fushimi T, Suruga K, Oshima Y, Fukiharu M, Tsukamoto Y, Goda T. Dietary
acetic acid reduces serum cholesterol and triacylglycerols in rats fed a cholesterolrich diet. Br J Nutr. 2006 May;95(5):916-24.
220. Demigné C, Morand C, Levrat MA, Besson C, Moundras C, Rémésy C. Effect of
propionate on fatty acid and cholesterol synthesis and on acetate metabolism in
isolated rat hepatocytes. Br J Nutr. 1995 Aug;74(2):209-19.
221. Todesco T, Rao AV, Bosello O, Jenkins DJ. Propionate lowers blood glucose and
alters lipid metabolism in healthy subjects. Am J Clin Nutr. 1991 Nov;54(5):860-5.
222. Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, Nakanishi Y,
Uetake C, Kato K, Kato T, Takahashi M, Fukuda NN, Murakami S, Miyauchi E,
Hino S, Atarashi K, Onawa S, Fujimura Y, Lockett T, Clarke JM, Topping DL,
Tomita M, Hori S, Ohara O, Morita T, Koseki H, Kikuchi J, Honda K, Hase K,
Ohno H. Commensal microbe-derived butyrate induces the differentiation of
colonic regulatory T cells. Nature. 2013 Dec 19;504(7480):446-50.
223. Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly-Y M,
Glickman JN, Garrett WS. The microbial metabolites, short-chain fatty acids,
regulate colonic Treg cell homeostasis.Science. 2013 Aug 2;341(6145):569-73.

123
224. Chang PV, Hao L, Offermanns S, Medzhitov R. The microbial metabolite butyrate
regulates intestinal macrophage function via histone deacetylase
inhibition. Proceedings of the National Academy of Sciences of the United States of
America. 2014;111(6):2247-2252.
225. Singh N, Gurav A, Sivaprakasam S, et al. Activation of the receptor (Gpr109a) for
niacin and the commensal metabolite butyrate suppresses colonic inflammation and
carcinogenesis. Immunity. 2014;40(1):128-139.
226. Frank DN, St. Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR.
Molecular-phylogenetic characterization of microbial community imbalances in
human inflammatory bowel diseases. Proceedings of the National Academy of
Sciences of the United States of America. 2007;104(34):13780-13785.
227. Shen Y, Giardino Torchia ML, Lawson GW, Karp CL, Ashwell JD, Mazmanian
SK. Outer Membrane Vesicles of a Human Commensal Mediate Immune
Regulation and Disease Protection. Cell host & microbe. 2012;12(4):509-520.
228. Dasgupta S, Erturk-Hasdemir D, Ochoa-Reparaz J, Reinecker H-C, Kasper DL.
Plasmacytoid dendritic cells mediate anti-inflammatory responses to a gut
commensal molecule via both innate and adaptive mechanisms. Cell host &
microbe. 2014;15(4):413-423.
229. Wang Q, McLoughlin RM, Cobb BA, et al. A bacterial carbohydrate links innate
and adaptive responses through Toll-like receptor 2. The Journal of Experimental
Medicine. 2006;203(13):2853-2863.
230. Mazmanian SK, Liu CH, Tzianabos AO, Kasper DL. An immunomodulatory
molecule of symbiotic bacteria directs maturation of the host immune system. Cell.
2005 Jul 15;122(1):107-18.
231. Mazmanian SK, Kasper DL. The love-hate relationship between bacterial
polysaccharides and the host immune system. Nat Rev Immunol. 2006
Nov;6(11):849-58.
232. Kalka-Moll WM, Tzianabos AO, Bryant PW, Niemeyer M, Ploegh HL, Kasper DL.
Zwitterionic polysaccharides stimulate T cells by MHC class II-dependent
interactions. J Immunol. 2002 Dec 1;169(11):6149-53.
233. Jones SE, Paynich ML, Kearns DB, Knight KL. Protection from intestinal
inflammation by bacterial exopolysaccharides. Journal of immunology (Baltimore,
Md : 1950). 2014;192(10):4813-4820.

124
234. Fanning S, Hall LJ, Cronin M, et al. Bifidobacterial surface-exopolysaccharide
facilitates commensal-host interaction through immune modulation and pathogen
protection. Proceedings of the National Academy of Sciences of the United States of
America. 2012;109(6):2108-2113.
235. Vinderola G, Perdigon G, Duarte J, Farnworth E,Matar C. Effects of the oral
administration of the exopolysaccharide produced by Lactobacillus kefiranofaciens
on the gut mucosal immunity. Cytokine. 2006;36:254-260.
236. Kumar M, Verma V, Nagpal R, Kumar A, Gautam SK, Behare PV, et al. ffect of
probiotic fermented milk and chlorophyllin on gene expressions and genotoxicity
during AFB₁-induced hepatocellular carcinoma. Gene. 2011;490:54-59.
237. An D, Oh SF, Olszak T, Neves JF, Avci FY, Erturk-Hasdemir D, Lu X, Zeissig S,
Blumberg RS, Kasper DL. Sphingolipids from a symbiotic microbe regulate
homeostasis of host intestinal natural killer T cells. Cell. 2014 Jan 16; 156(12):123-33.
238. Rossi M, Amaretti A, Raimondi S. Folate Production by Probiotic
Bacteria.Nutrients. 2011;3(1):118-134.
239. Kjer-Nielsen L, Patel O, Corbett AJ, Le Nours J, Meehan B, Liu L, Bhati M, Chen
Z, Kostenko L, Reantragoon R, Williamson NA, Purcell AW, Dudek NL,
McConville MJ, O'Hair RA, Khairallah GN, Godfrey DI, Fairlie DP, Rossjohn J,
McCluskey J. MR1 presents microbial vitamin B metabolites to MAIT
cells. Nature. 2012 Nov 29;491(7426):717-23.
240. Bansal T, Alaniz RC, Wood TK, Jayaraman A. The bacterial signal indole increases
epithelial-cell tight-junction resistance and attenuates indicators of
inflammation. Proceedings of the National Academy of Sciences of the United
States of America. 2010;107(1):228-233.
241. Shimada Y, Kinoshita M, Harada K, et al. Commensal Bacteria-Dependent Indole
Production Enhances Epithelial Barrier Function in the Colon. Heimesaat MM,
ed. PLoS ONE. 2013;8(11):e80604.
242. Correa NB, Peret Filho LA, Penna FJ, Lima FM, Nicoli JR. A randomized formula
controlled trial of Bifidobacterium lactis and Streptococcus thermophilus for
prevention of antibiotic-associated diarrhea in infants. J Clin
Gastroenterol.2005; 39:385–9.

125
243. Yoshimoto S, Loo TM, Atarashi K, Kanda H, Sato S, Oyadomari S, Iwakura Y,
Oshima K, Morita H, Hattori M, Honda K, Ishikawa Y, Hara E, Ohtani N. Obesityinduced gut microbial metabolite promotes liver cancer through senescence
secretome. Nature. 2013 Jul 4;499(7456):97-101.
244. Hsiao EY, McBride SW, Hsien S, et al. The microbiota modulates gut physiology
and behavioral abnormalities associated with autism. Cell. 2013;155(7):1451-1463.
245. Nagashima R, Maeda K, Imai Y, Takahashi T. Lamina propria macrophages in the
human gastrointestinal mucosa: their distribution, immunohistological phenotype,
and function. J Histochem Cytochem. 1996 Jul;44(7):721-31.
246. Muller AJ, Kaiser P, Dittmar KEJ, Weber TC, Haueter S, Endt K, Songhet P,
Zellweger C, Kremer M, Fehling H-J, Hardt W-D. Salmonella Gut Invasion
Involves TTSS-2-Dependent Epithelial Traversal, Basolateral Exit, and Uptake by
Epithelium-Sampling Lamina Propria Phagocytes. Cell Host & Microbe.
2012;11:19–32.
247. Rani R, Smulian AG, Greaves DR, Hogan SP, Herbert DR. TGF-β limits IL-33
production and promotes the resolution of colitis through regulation of macrophage
function. European journal of immunology. 2011;41(7):2000-2009.
248. Janeway CA Jr, Travers P, Walport M, et al. Immunobiology: The Immune System
in Health and Disease. 5th edition. New York: Garland Science; 2001.
249. Grainger JR, Wohlfert EA, Fuss IJ, et al. Inflammatory monocytes regulate
pathologic responses to commensals during acute gastrointestinal infection.Nature
medicine. 2013;19(6):713-721.
250. Smythies LE, Sellers M, Clements RH, et al. Human intestinal macrophages display
profound inflammatory anergy despite avid phagocytic and bacteriocidal
activity. Journal of Clinical Investigation. 2005;115(1):66-75.
251. Bain CC, et al. Resident and pro-inflammatory macrophages in the colon represent
alternative context-dependent fates of the same Ly6Chi monocyte
precursors.Mucosal Immunol. 2013;6:498–510
252. Hedl M, Li J, Cho JH, Abraham C: Chronic stimulation of Nod2 mediates tolerance
to bacterial products. Proceedings of the National Academy of Sciences of the
United States of America. 2007;104:19440–19445.
253. Rugtveit J, Haraldsen G, Hogasen AK, Bakka A, Brandtzaeg P, Scott H.
Respiratory burst of intestinal macrophages in inflammatory bowel disease is
mainly caused by CD14+L1+ monocyte derived cells. Gut. 1995;37:367–373.

126
254. Roberts PJ, Riley GP, Morgan K, Miller R, Hunter JO, Middleton SJ. The
physiological expression of inducible nitric oxide synthase (iNOS) in the human
colon. J Clin Pathol. 2001;54:293–297.
255. Pender SL, Quinn JJ, Sanderson IR, MacDonald TT. Butyrate upregulates
stromelysin-1 production by intestinal mesenchymal cells. Am J Physiol
Gastrointest Liver Physiol. 2000;279:G918–G924.
256. Chang SY, Song JH, Guleng B, Cotoner CA, Arihiro S, Zhao Y, et al. Circulatory
antigen processing by mucosal dendritic cells controls CD8+ T cell
activation.Immunity. 2013;38:153–165.
257. Mazzini E, Massimiliano L, Penna G, Rescigno M. Oral tolerance can be
established via gap junction transfer of fed antigens from CX3CR1(+) macrophages
to CD103(+) dendritic cells. Immunity. 2014;40:248–261
258. Farache J, Koren I, Milo I, Gurevich I, Kim KW, Zigmond E, Furtado GC, Lira SA,
Shakhar G. Luminal bacteria recruit CD103+ dendritic cells into the intestinal
epithelium to sample bacterial antigens for presentation. Immunity. 2013;38:581–
595
259. Cerovic V, Houston SA, Scott CL, Aumeunier A, Yrlid U, Mowat AM, Milling
SW. Intestinal CD103(-) dendriticcells migrate in lymph and prime effector T cells.
Mucosal Immunol. 2013 Jan;6(1):104-13.
260. Schulz O, Jaensson E, Persson EK, Liu X, Worbs T, Agace WW, Pabst O. Intestinal
CD103+, but not CX3CR1+, antigen sampling cells migrate in lymph and serve
classical dendritic cell functions. J Exp Med. 2009 Dec 21;206(13):3101-14.
261. Ueda Y, Kayama H, Jeon SG, Kusu T, Isaka Y, Rakugi H, Yamamoto M, Takeda
K. Commensal microbiota induce LPS hyporesponsiveness in colonic macrophages
via the production of IL-10. Int Immunol. 2010 Dec;22(12):953-62.
262. Kullberg MC, Hay V, Cheever AW, Mamura M, Sher A, Letterio JJ, Shevach EM,
Piccirillo CA. TGF-beta1 production by CD4+ CD25+ regulatory T cells is not
essential for suppression of intestinal inflammation.Eur J Immunol. 2005
Oct;35(10):2886-95.
263. Smythies LE, Maheshwari A, Clements R, Eckhoff D, Novak L, Vu HL, MostellerBarnum LM, Sellers M, Smith PD. Mucosal IL-8 and TGF-beta recruit blood
monocytes: evidence for cross-talk between the lamina propria stroma and myeloid
cells. J Leukoc Biol. 2006 Sep;80(3):492-9

127
264. Shaw MH, Kamada N, Kim Y-G, et al. Microbiota-induced IL-1b, but not IL-6, is
critical for the development of steady-state TH17 cells in the intestine. J Exp Med.
2012;209:251– 258.
265. Mortha A, Chudnovskiy A, Hashimoto D, et al. Microbiota-dependent crosstalk
between macrophages and ILC3 promotes intestinal
homeostasis. Science. 2014;343(6178)
266. Niess JH, Brand S, Gu X, Landsman L, Jung S, McCormick BA, Vyas JM, Boes M,
Ploegh HL, Fox JG, Littman DR, Reinecker HC.CX3CR1-mediated dendritic cell
access to the intestinal lumen and bacterial clearance. Science 2005;307:254–258.
267. Chieppa M, Rescigno M, Huang AYC, Germain RN. Dynamic imaging of dendritic
cell extension into the small bowel lumen in response to epithelial cell TLR
engagement. The Journal of Experimental Medicine. 2006;203(13):2841-2852.
268. Zigmond E, Varol C, Farache J, Elmaliah E, Satpathy AT, Friedlander G, Mack M,
Shpigel N, Boneca IG, Murphy KM, Shakhar G, Halpern Z, Jung S. Ly6C hi
monocytes in the inflamed colon give rise to proinflammatory effector cells and
migratory antigen-presenting cells. Immunity. 2012 Dec 14; 37(6):1076-90
269. Glocker E-O, Kotlarz D, Boztug K, et al. Inflammatory Bowel Disease and
Mutations Affecting the Interleukin-10 Receptor. The New England journal of
medicine. 2009;361(21):2033-2045.
270. Murugan D, Albert MH, Langemeier J, Bohne J, Puchalka J, Järvinen PM, Hauck
F, Klenk AK, Prell C, Schatz S, Diestelhorst J, Sciskala B, Kohistani N,
Belohradsky BH, Müller S, Kirchner T, Walter MR, Bufler P, Muise AM, Snapper
SB, Koletzko S, Klein C, Kotlarz D. Very early onset inflammatory bowel disease
associated with aberrant trafficking of IL-10R1 and cure by T cell replete
haploidentical bone marrow transplantation.J Clin Immunol. 2014 Apr; 34(3):331-9
271. Rugtveit J, Nilsen EM, Bakka A, Carlsen H, Brandtzaeg P, Scott H. Cytokine
profiles differ in newly recruited and resident subsets of mucosal macrophages from
inflammatory bowel disease. Gastroenterology. 1997 May;112(5):1493-505.
272. Weber B, Saurer L, Schenk M, Dickgreber N, Mueller C. CX3CR1 defines
functionally distinct intestinal mononuclear phagocyte subsets which maintain their
respective functions during homeostatic and inflammatory conditions. Eur J
Immunol. 2011 Mar;41(3):773-9.

128
273. Tamoutounour S, Henri S, Lelouard H, de Bovis B, de Haar C, van der Woude CJ,
Woltman AM, Reyal Y, Bonnet D, Sichien D, Bain CC, Mowat AM, Reis e Sousa
C, Poulin LF, Malissen B, Guilliams M. CD64 distinguishes macrophages from
dendritic cells in the gut and reveals the Th1-inducing role of mesenteric lymph
node macrophages during colitis. Eur J Immunol. 2012 Dec;42(12):3150-66.
274. Shimada T, Park BG, Wolf AJ, Brikos C, Goodridge HS, Becker CA, Reyes CN,
Miao EA, Aderem A, Götz F, Liu GY, Underhill DM. Staphylococcus aureus
evades lysozyme-based peptidoglycan digestion that links phagocytosis,
inflammasome activation, and IL-1beta secretion.Cell Host Microbe. 2010 Jan
21;7(1):38-49.
275. Högenauer C., Langner C., Beubler E., et al. Klebsiella oxytoca as a causative
organism of antibiotic-associated hemorrhagic colitis.The New England Journal of
Medicine. 2006;355(23):2418–2426.
276. Park, J. S., E. J. Lee, J. C. Lee, W. K. Kim, and H. S. Kim. Anti-inflammatory
effects of short chain fatty acids in IFN-gamma-stimulated RAW 264.7 murine
macrophage cells: involvement of NF-kappaB and ERK signaling pathways. Int.
Immunopharmacol. 2007 Jan;7(1):70-7.
277. Iraporda C, Errea A, Romanin DE, Cayet D, Pereyra E, Pignataro O, Sirard JC,
Garrote GL, Abraham AG, Rumbo M. Lactate and short chain fatty acids produced
by microbial fermentation downregulate proinflammatory responses in intestinal
epithelial cells and myeloid cells. Immunobiology. 2015 Oct;220(10):1161-9.
278. Tedelind S, Westberg F, Kjerrulf M, Vidal A. Anti-inflammatory properties of the
short-chain fatty acids acetate and propionate: A study with relevance to
inflammatory bowel disease. World Journal of Gastroenterology : WJG.
2007;13(20):2826-2832.
279. Vinolo MA, Rodrigues HG, Hatanaka E, Sato FT, Sampaio SC, Curi R.
Suppressive effect of short chain fatty acids on production of proinflammatory
mediators by neutrophils. J Nutr Biochem. 2011 Sep;22(9):849-55
280. Kankaanpää P, Yang B, Kallio H, Isolauri E, Salminen S. Effects of
polyunsaturated fatty acids in growth medium on lipid composition and on
physicochemical surface properties of lactobacilli. Appl Environ Microbiol. 2004
Jan;70(1):129-36.

129
281. Lee TH, Hoover RL, Williams JD, Sperling RI, Ravalese J 3rd, Spur BW, Robinson
DR, Corey EJ, Lewis RA, Austen KF. Effect of dietary enrichment with
eicosapentaenoic and docosahexaenoic acids on in vitro neutrophil and monocyte
leukotriene generation and neutrophil function. N Engl J Med. 1985 May
9;312(19):1217-24.
282. Endres S, Ghorbani R, Kelley VE, Georgilis K, Lonnemann G, van der Meer JW,
Cannon JG, Rogers TS, Klempner MS, Weber PC, et al. The effect of dietary
supplementation with n-3 polyunsaturated fatty acids on the synthesis of
interleukin-1 and tumor necrosis factor by mononuclear cells.N Engl J Med. 1989
Feb 2;320(5):265-71.
283. Sperling RI, Benincaso AI, Knoell CT, Larkin JK, Austen KF, Robinson DR.
Dietary omega-3 polyunsaturated fatty acids inhibit phosphoinositide formation and
chemotaxis in neutrophils. Journal of Clinical Investigation. 1993;91(2):651-660.
284. De Caterina R, Cybulsky MI, Clinton SK, Gimbrone MA Jr, Libby P. The omega-3
fatty acid docosahexaenoate reduces cytokine-induced expression of proatherogenic
and proinflammatory proteins in human endothelial cells.Arterioscler Thromb. 1994
Nov;14(11):1829-36.
285. Khalfoun B, Thibault F, Watier H, Bardos P, Lebranchu Y. Docosahexaenoic and
eicosapentaenoic acids inhibit in vitro human endothelial cell production of
interleukin-6. Adv Exp Med Biol. 1997;400B:589-97.
286. Novak TE, Babcock TA, Jho DH, Helton WS, Espat NJ. NF-kappa B inhibition by
omega -3 fatty acids modulates LPS-stimulated macrophage TNF-alpha
transcription. Am J Physiol Lung Cell Mol Physiol. 2003 Jan;284(1):L84-9.
287. Zhao Y, Joshi-Barve S, Barve S, Chen LH. Eicosapentaenoic acid prevents LPSinduced TNF-alpha expression by preventing NF-kappaB activation.J Am Coll
Nutr. 2004 Feb;23(1):71-8.
288. Yaqoob P, Calder P. Effects of dietary lipid manipulation upon inflammatory
mediator production by murine macrophages. Cell Immunol. 1995 Jun;163(1):1208.
289. Billiar T, Bankey P, Svingen B, Curran RD, et al. Fatty acid uptake and Kuffer cell
function: fish oil alters escosanoid and monokine production to endotoxin
stimulation. Surgery.1988;104:343-349.
290. Renier G, Skamene E, de Sanctis J, Radzioch D. Dietary n−3 polyunsaturated fatty
acids prevent the development of atherosclerotic lesions in mice: modulation of
macrophage secretory activities. Arterioscler Thomb.1993;13:1515–24.

130
291. Sadeghi S, Wallace FA, Calder PC. Dietary lipids modify the cytokine response to
bacterial lipopolysaccharide in mice. Immunology. 1999;96(3):404-410.
292. Yan Y, Jiang W, Spinetti T, Tardivel A, Castillo R, Bourquin C, Guarda G, Tian Z,
Tschopp J, Zhou R. Omega-3 fatty acids prevent inflammation and metabolic
disorder through inhibition of NLRP3 inflammasome activation.Immunity. 2013
Jun 27;38(6):1154-63.
293. Calder PC, Bond JA, Bevan SJ, Hunt SV, Newsholme EA. Effects of fatty acids on
proliferation of concanavalin-A stimulated rat lymph node lymphocytes. Int J
Biochem.1991; 23:579-588
294. Calder PC, Yaqoob P, Harvey DJ, Watts A, Newsholme EA. Incorporation of fatty
acids by concanavalin A-stimulated lymphocytes and the effect on fatty acid
composition and membrane fluidity. Biochemical Journal. 1994;300(Pt 2):509-518.
295. Calder PC, Newsholme EA. Polyunsaturated fatty acids suppress human peripheral
blood lymphocyte proliferation and interleukin-2 production. Clin Sci (Lond). 1992
Jun;82(6):695-700.
296. Calder PC, Newsholme EA. Unsatturated fatty acids suppres interleukin-2
production and transferin receptor expression by concanavalin A- stimulated rat
lymphocytes. Mediators Inflamm. 1992;1:107-115.
297. Meydani SN, Endres S, Woods MM, Goldin BR, Soo C, Morrill-Labrode A,
Dinarello CA, Gorbach SL. Oral (n-3) fatty acid supplementation suppresses
cytokine production and lymphocyte proliferation: comparison between young and
older women. J Nutr. 1991 Apr;121(4):547-55.
298. Thies F, Nebe-von-Caron G, Powell JR, Yaqoob P, Newsholme EA, Calder PC.
Dietary supplementation with gamma-linolenic acid or fish oil decreases T
lymphocyte proliferation in healthy older humans. J Nutr. 2001 Jul;131(7):1918-27.
299. Ueda T, Hokari R, Higashiyama M, et al. Beneficial effect of an omega-6 PUFArich diet in non-steroidal anti-inflammatory drug-induced mucosal damage in the
murine small intestine. World Journal of Gastroenterology : WJG. 2015;21(1):177186.
300. Watkins G, Martin TA, Bryce R, Mansel RE, Jiang WG. Gamma-Linolenic acid
regulates the expression and secretion of SPARC in human cancer
cells.Prostaglandins Leukot Essent Fatty Acids. 2005 Apr;72(4):273-8.

131
301. Jiang W, Hiscox S, Puntis M, Hallett M, Bryce R, Horrobin D, Mansel R. Gamma
linolenic acid inhibits tyrosine phosphorylation of focal adhesion kinase and
paxillin and tumour cell matrix interaction.Int J Oncol. 1996 Mar;8(3):583-7.
302. Kim DH, Yoo TH, Lee SH, Kang HY, Nam BY, Kwak SJ, Kim JK, Park JT, Han
SH, Kang SW. Gamma linolenic acid exerts anti-inflammatory and anti-fibrotic
effects in diabetic nephropathy. Yonsei Med J. 2012 Nov 1;53(6):1165-75.
303. Ajuebor MN, Flower RJ, Hannon R, Christie M, Bowers K, Verity A, Perretti M.
Endogenous monocyte chemoattractant protein-1 recruits monocytes in the
zymosan peritonitis model. J. Leukocyte Biol. 1998; 63: 108.
304. Aznar C, Fitting C, Cavaillon JM. Lipopolysaccharide-induced production of
cytokines by bone marrow-derived macrophages: dissociation between intracellular
interleukin 1 production and interleukin 1 release. Cytokine. 1990 Jul;2(4):259-65.
305. Schildberger A, Rossmanith E, Eichhorn T, Strassl K, Weber V. Monocytes,
peripheral blood mononuclear cells, and THP-1 cells exhibit different cytokine
expression patterns following stimulation with lipopolysaccharide.Mediators
Inflamm. 2013; 2013:697972.
306. Ogura Y, Sutterwala FS, Flavell RA. The inflammasome: first line of the immune
response to cell stress. Cell. 2006;126(4):659–662.
307. Schroder K, Tschopp J. The inflammasomes. Cell. 2010 Mar 19;140(6):821-32.
308. Takada H, Tsujimoto M, Kato K, Kotani S, Kusumoto S, Inage M, Shiba T, Yano I,
Kawata S, Yokogawa K. Macrophage activation by bacterial cell walls and related
synthetic compounds. Infect Immun. 1979 Jul;25(1):48-53.
309. Li P, Neubig RR, Zingarelli B, Borg K, Halushka PV, Cook JA, Fan H. Toll-like
receptor-induced inflammatory cytokines are suppressed by gain of function or
overexpression of Gα(i2) protein. Inflammation. 2012 Oct;35(5):1611-7.
310. Hari A, Zhang Y, Tu Z, Detampel P, Stenner M, Ganguly A, Shi Y. Activation of
NLRP3 inflammasome by crystalline structures via cell surface contact. Sci Rep.
2014 Dec 2;4:7281.
311. Weischenfeldt J, Porse B. Bone Marrow-Derived Macrophages (BMM): Isolation
and Applications. CSH Protoc. 2008 Dec 1;2008
312. Mitsuoka T. Recent trends in research on intestinal flora. Bifidobacteria Microflora
1982; 3:3–24.

132
313. Savage DC, Dubos R, Schaedler RW. The gastrointestinal epithelium and its
autochthonous bacterial flora. J Exp Med. 1968 Jan 1;127(1):67-76.
314. Macfarlane GT, Cummings JH. Probiotics, infection and immunity. Curr Opin
Infect Dis. 2002 Oct;15(5):501-6.
315. Madsen KL. The use of probiotics in gastrointestinal disease. Can J
Gastroenterol. 2001 Dec;15(12):817-22.
316. Schaedler RW, Dubos R, Costello R. The development of the bacterial flora in the
gastrotinestinal tract of mice. The Journal of Experimental Medicine.
1965;122(1):59-66.
317. Vélez MP, De Keersmaecker SC, Vanderleyden J. Adherence factors of
Lactobacillus in the human gastrointestinal tract. FEMS Microbiol Lett. 2007
Nov;276(2):140-8. Epub 2007 Sep 19.
318. Medina-Contreras O, Geem D, Laur O, et al. CX3CR1 regulates intestinal
macrophage homeostasis, bacterial translocation, and colitogenic Th17 responses in
mice. The Journal of Clinical Investigation. 2011;121(12):4787-4795.
doi:10.1172/JCI59150.
319. Tsilibary EC, Wissig SL. Light and electron microscope observations of the
lymphatic drainage units of the peritoneal cavity of rodents. Am J Anat. 1987
Oct;180(2):195-207.
320. Hall JC, Heel KA, Papadimitriou JM, Platell C. The pathobiology of
peritonitis.Gastroenterology. 1998 Jan; 114(1):185-96.
321. Ho HN, Wu MY, Yang YS. Peritoneal cellular immunity and endometriosis.Am J
Reprod Immunol. 1997 Dec; 38(6):400-12.
322. Broche F, Tellado JM. Defense mechanisms of the peritoneal cavity.Curr Opin Crit
Care. 2001 Apr; 7(2):105-16.
323. Melichar B, Freedman RS. Immunology of the peritoneal cavity: relevance for hosttumor relation.Int J Gynecol Cancer. 2002 Jan-Feb; 12(1):3-17.
324. De Filippo K, Dudeck A, Hasenberg M, Nye E, van Rooijen N, Hartmann K,
Gunzer M, Roers A, Hogg N. Mast cell and macrophage chemokines
CXCL1/CXCL2 control the early stage of neutrophil recruitment during tissue
inflammation.Blood. 2013 Jun 13;121(24):4930-7.
325. Sasada M, Pabst MJ, Johnston RB Jr. Activation of mouse peritoneal macrophages

133
by lipopolysaccharide alters the kinetic parameters of the superoxide-producing
NADPH oxidase. J Biol Chem. 1983 Aug 25;258(16):9631-5.
326. Ajuebor MN, Das AM, Virág L, Flower RJ, Szabó C, Perretti M. Role of resident
peritoneal macrophages and mast cells in chemokine production and neutrophil
migration in acute inflammation: evidence for an inhibitory loop involving
endogenous IL-10.J Immunol. 1999 Feb 1;162(3):1685-91.
327. Karmarkar D, Rock KL. Microbiota signalling through MyD88 is necessary for a
systemic neutrophilic inflammatory response. Immunology. 2013;140(4):483-492.
doi:10.1111/imm.12159.
328. Hyun J, Romero L, Riveron R, et al. Human intestinal epithelial cells express IL-10
through Toll-like receptor 4 (TLR4)-mediated epithelial-macrophage
crosstalk. Journal of innate immunity. 2015;7(1):87-101. doi:10.1159/000365417.
329. Moyes SM, Morris JF, Carr KE. Macrophages increase microparticle uptake by
enterocyte-like Caco-2 cell monolayers. Journal of Anatomy. 2010;217(6):740-754.
doi:10.1111/j.1469-7580.2010.01304.x.

VITA
The author, An Nguyen, was born in Saigon, Vietnam on March 15, 1990. She is
married to Charles Hart. She received a Bachelor of Science in Biochemistry from
Montana State University in June of 2012.
In August of 2012, she joined the Program of Microbiology and Immunology at
Loyola University Medical Center (Maywood, IL). Shortly thereafter, she joined the
laboratory of Dr.Liang Qiao where she studied the role of the intestinal microbiota in
intestinal macrophages.
After completing her time in Chicago, she returned to Montana where she hopes
to continue her scientific career in industry.

134

